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This PhD thesis sets out to investigate novel SiC based field effect devices with gas 
sensitive layers (MROSiC based Schottky and MESFET based transistor structures), for 
monitoring hydrogen and propene gases at high temperatures. The devices developed by the 
author were shown to exhibit sensitivities at least 1~2 orders of magnitude (voltage shift, ∆V) 
higher than those reported in literature. Not only did the author seek to investigate the gas 
sensing potential of such devices, but also he set out to study, analyse and establish the gas 
interaction mechanism of these novel sensors. 
 
High temperature tolerant hydrogen and hydrocarbon sensors are required in 
numerous applications such as: aerospace, nuclear power plant, space exploration and 
exhaust monitoring in automobiles. Monitoring these gases in a reliable and efficient manner 
is of great value in these applications, not only from a safety point of view but also for 
economical reasons. Hence there is an absolute necessity for simple, efficient and high 
performance sensors not only for monitoring and leak detection but also to function as part 
of a safety device to prevent accidents. With the advent of silicon carbide technology, a new 
generation of devices operating at high temperatures is being developed.  Among them are 
Metal Reactive Oxide Silicon Carbide (MROSiC) and Metal Semiconductor Field Effect 
Transistors (MESFET) incorporating group VIII transition metals (such as platinum).  Their 
structure and the materials they incorporate allow them to be operated at high temperatures, 
making them extremely appealing for direct or in-situ monitoring applications.  
 
A multitude of gas sensitive oxide layers which includes: single (WO3, TiO2, MoO3, 
CoOx, In2O3, ZnO), mixed (TiWO) and catalysed (Pt or Pd catalysed TiO2) were integrated 
into the MROSiC device, in a bid to enhance the gas sensitivity of SiC based field effect 
sensors.  The oxide layers were successfully deposited on SiC by r.f. magnetron sputtering 
and by pulse laser ablation. Surface and interface analysis on the structures were performed 
xiii 
using Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), X-ray 
Photoelectron Spectroscopy (XPS) and Rutherford Backscattering Spectroscopy (RBS). 
Special attention was given to on the interface properties as they are of paramount 
importance for the sensors’ gas sensing performance. The microstructural analysis provides 
no evidence of inter-diffusion between different layers, in spite of the sensors being annealing 
at 650° in O2, H2 and C3H6 atmospheres for approximately 50hrs. Samples in different 
conditions (as-deposited, annealed and tested) were compared. 
 
The sensitivity of these novel MROSiC sensors with different gas sensitive reactive 
oxide layers were studied at different temperatures as a function of hydrogen and propene 
gas concentrations (0 to 1% in synthetic air). Among the MROSiC sensors tested, the 
catalysed TiO2 sensor showed the largest response magnitude. A voltage shift of 2.84V at 
250°C for 1%H2 gas and a 3.12V shift for 1% C3H6 in synthetic air at 420°C were recorded.  
 
The developed MESFET structure showed an enormous voltage shift of 8.2V for a 
change in the ambient from 4%O2 in N2 to 4% H2 in N2. The H2 gas concentration was found 
to be the MESFET control parameter. The threshold H2 gas concentration at 300°C was 
found to be 0.04%, above which the MESFET is turned on.  Such a large voltage shift in an 
ambient containing synthetic air has not been reported previously.  
 
The electrical properties of the MROSiC (current-voltage, I-V and capacitance-voltage, 
C-V characteristics) and MESFET (drain current-source drain voltage (ID-VSD) and transfer, 
(√ID-H2 concentration) characteristics) devices were measured in the presence and absence 
of H2 and C3H6. Several parameters such as barrier height, saturation currents, pinch-off 
voltages and channel conductance were determined from the electrical characteristics, and 
their influence on the device performance was studied. The hydrogen coverage of these 
sensors was found to follow the Langmuir type adsorption.  
 
xiv 
The author has proposed a gas interaction mechanism for this novel gas sensitive 
MESFET transistor structure.  A physical model using energy band diagrams was established 
and presented, that explains the influence of the floating gate potential due to the variation in 
hydrogen gas concentration. The behaviour of the channel barrier existing between the 
source and channel in the n-ZnO layer was determined and its control on the drain current 
was evaluated. The proposed model based on energy band diagram is well supported by the 
experimental data obtained.  To the best of the author’s knowledge this study is the first of its 
kind on gas sensitive MESFET structures. 
 
In conclusion, MROSiC Schottky and MESFET transistor based hydrogen and 
hydrocarbon sensors have been developed, fabricated, tested and their gas interaction 
mechanism has been proposed and correlated to experimental results.  
 
Chapter 1  
INTRODUCTION 
 
This chapter outlines the work carried out in this PhD thesis. The motivation, 
objectives, author’s achievements and the organization of this thesis are presented and 
discussed.  
 
1.1 Motivation  
 
Recently, hydrogen has received much attention due to its potential use as a “clean” energy 
source, aiding the reduction of environmental concerns such as pollution and global 
warming. Hydrogen has long been viewed as the fuel of the future. It is the third most 
abundant element on the earth’s atmosphere. However safety concerns in its use, difficulties 
in storage, handling and transport have prevented hydrogen becoming the chief energy 
carrier.  Since safety is a key factor for the acceptability of hydrogen, the development of 
technologies for monitoring and detection applications will be of vital importance. A list of 
safety relevant characteristics of hydrogen (H2) when compared with other combustibles such 
as methane (CH4), propane (C3H8) and gasoline are summarised in Table 1.1.1,2 
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Table 1.1: Basic safety relevant properties of combustibles.1,2 
Properties Hydrogen  Methane  Propane Gasoline 
Limits of flammability in air (vol %) 4-75 5-15 2.1-9.5 1.0-7.6 
Auto-ignition temperature (°C)  585 540 487 228-471 
Minimum energy for ignition in air (µJ) 20 290 260 240 
Diffusion coefficient in air (cm2s-1) 0.61 0.16 0.12 0.05 
Flame Temperature (°C) 2111 1954 2112 2200 
Limits of detonability in air (vol-%) 18.3-59 6.3-14 -- 1.1-3.3 
Detonation velocity in air (ms-1) 2000 1800 1850 1400-1700 
Flame propagation velocity (ms-1) 3.46 0.43 0.472 -- 
 
Hydrogen has a high auto-ignition temperature (585°C) making it less dangerous when 
compared to other fuels. But its low mass and high diffusion coefficient (0.61cm2s-1) makes it 
extremely difficult to store. It readily disperses forming combustible mixture with air due to 
its wide flammability range (4 to 75% by volume in air). The low ignition energy (20µJ) and 
large flame propagation velocity (3.46ms-1), further aid to creating a highly explosive and 
dangerous environment if H2 is present. Adding to the potential fire/explosion hazard, 
hydrogen, while non-toxic, can cause asphyxiation by displacing oxygen in a confined space. 
Finally hydrogen is difficult for humans to detect by sense of sight or smell as its burns with a 
pale blue, almost invisible flame and is odourless, and tasteless3. In addition, hydrogen is a 
major cause of corrosion, resulting in embrittlement whereby it deteriorates the mechanical 
properties (strength and durability) of metals. For example, the tensile strength of 4140 alloy 
steel can be reduced by as much as 67% when exposed to hydrogen at a pressure of 41MPa 
and a temperature of 300K4. Hence there is an absolute necessity for efficient and high 
performance hydrogen sensors not only for monitoring and leak detection but also to 
function as a safety device to prevent accidents.  
 
On the other hand hydrogen is one of the most used of process gases or fuels in many 
industries such as chemical and petroleum, electronics or semiconductor, metallurgy (steel), 
aerospace and others which include food, glass, transportation, power and laboratory 
analysis. The market share, based on the consumption of hydrogen, for different types of 
applications5 is shown in Figure 1.1. Furthermore accurate and real-time estimation of H2 in a 
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process is of great economic value for these industries. Hence there is a demand for reliable, 
highly specific, portable and low cost hydrogen sensors capable of detecting and monitoring 
the presence of dangerous levels of hydrogen in refuelling stations, repair garages, passenger 
cabins in hydrogen-powered cars, and other situations where the public is exposed to 
hydrogen.   
 
 
Figure 1.1: Market share based on the consumption of hydrogen by the type of applications.5 
 
Hydrocarbons are commonly found in exhaust gases, largely due to incomplete 
combustion, and predominantly from automobiles. They react in the atmosphere to form 
ground-level ozone, a major component of smog and also contribute to green house gas 
formation.6 Hydrocarbons can also be dangerous for humans as short-term exposure may 
result in dizziness, disorientation, intoxication, and narcotic effects. However a hydrocarbon 
such as propylene (propene) is a major commodity in the petrochemical industry. It is widely 
used in the manufacture of polypropylene, isopropanol, cumene, propylene oxide and 
acrylonitrile. In addition it is used in calibration gas mixtures for the petrochemical industry; 
environmental emission monitoring, industrial hygiene monitors and trace impurity 
analyses.7,8 With the ever increasing stringent regulations governing air quality and emission 
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standards, monitoring hydrocarbons is essential from both an economic and an 
environmental point of view.  
The most relevant application pertaining to this research is the direct monitoring of 
processes in chemical, petroleum refinery, internal combustion engines and power plants, 
where temperatures may exceed 500°C, placing great demand on the sensors. Hence the 
selection of a transducer platform, materials and sensing structures tolerant of such extreme 
conditions are of critical value. Chemical sensing has been traditionally dominated by 
complex and expensive laboratory techniques such as gas chromatography and mass 
spectroscopy. Although they offer the most precise form of detecting chemical concentrations 
or species, they are not suitable for on-site or in-situ applications. Solid-state chemical 
sensors have been widely used as a practical solution and have the ability to detect both low 
ppm levels of gases (toxic) as well as high combustible levels (explosive limits).  
 
These solid state sensors comprise of a wide variety of technologies such as resistive-
type metal oxide sensors, pyroelectric sensors, fiberoptic sensors, piezoelectric sensors, 
surface acoustic sensors and calorimetric sensors.9,10 Based on the above mentioned 
requirements, the author believes that semiconductor gas sensors, in particular those based 
on metal oxides are the most promising candidates for functioning in such harsh, high 
temperature applications. The author envisages that by employing sensors in high 
temperature environments, the possibility of controlling production processes and reducing 
harmful emissions will be greatly enhanced.  
 
1.2 Solid State Field Effect Gas Sensors Based on Thin Films  
 
Solid state field effect gas sensors based on thin films are comprised of Schottky diodes, 
capacitors and transistors (also called metal oxide semiconductor (MOS) devices).   These 
structures consist of a thin catalytic metal layer; generally group VIII transition metals such 
as platinum (Pt) or palladium (Pd) deposited on top of an insulating oxide layer, usually SiO2, 
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and in most cases are based on silicon (Si) substrates. Their fabrication process and 
packaging technology are the same as that for standard CMOS (complementary metal oxide 
semiconductor) devices. The sensors are small, measuring less than a few mm2. 
 
The first reports on a hydrogen gas sensitive MOS structure fabricated on Si were 
reported by Lundstrom et al in 1975.11 In the presence of H2, the gas molecules are adsorbed 
on the metal surface and dissociate into hydrogen atoms that diffuse through the metal 
forming a dipole layer at the metal oxide/insulator interface as shown in Figure 1.2. This 
dipole layer alters the effective electric field seen by the semiconductor surface, causing a 
shift in the current-voltage characteristics of the device. The gas response is usually measured 
as the change in the externally applied voltage at constant current bias or vice versa. A similar 
series of reactions is expected for gas species that contain hydrogen such as CH4, C3H6, C3H8 
and NH3.  
 
MOS devices based on Si have limited operating temperature, below 200°C whereas SiC 
based devices can be operated in high temperatures (upto 1000°C) and are chemicallly inert 
in harsh/rugged environments. Hence, SiC based MOS devices (MOSiC – metal oxide silicon 
carbide) are currently being explored as an alternative to allow for much higher operating 
temperatures. However, limits have been reached with regards to the largest sensitivity 
achievable by MOSiC or MISiC (metal insulator silicon carbide) sensors. Hence the current 
focus of MOS gas sensor research involves modifications to these structures, namely the 
MROSiC (metal reactive oxide silicon carbide) structure. The selectivity to different gases can 
be achieved by changing the catalytic metal surface (thickness and morphology) and tailoring 
properties of the thin film oxide layer, thus increasing their sensitivities to a broad range of 
hydrogen-containing or polar compounds.  MROSiC configuration leads them to be 
extremely stable. In the past decade a variety of high temperature gas sensors have been 
developed using SiC based field effect devices. The state-of-the-art in SiC based field effect 
devices is presented in chapter 2. 
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The aim of this research program is to develop novel metal reactive oxide silicon 
carbide (MROSiC) field effect sensors for monitoring hydrogen and hydrocarbon gases in 
high temperature environments.  This includes:  
 
• investigation of novel reactive oxide thin films in a bid to increase the gas sensitivity 
of MROSiC devices.    
• a comprehensive study of the micro-structural characteristics, especially the interface 
of the devices to determine their feasibility of application in high temperature 
environments.  
• to determine the gas sensing performance and electrical properties of these fabricated 
MROSiC devices as a function of gas concentration and temperature. 
• to understand and explain the gas interaction mechanism of these novel device 
structures. 
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MROSiC sensors differ from customary MOS sensors; instead of using an insulating 
layer between the metal and the semiconductor, the MROSiC devices employ a metal oxide 
layer which itself reacts (or enhances the reaction) to the analyte gas.  Additionally, the 
semiconductor utilised is SiC as opposed to Si in traditional MOS devices.  Based on the 
review of the current status of field effect based gas sensors, the author investigated several 
single (SnO2, In2O3, WO3, TiO2, MoO3, CoOx and ZnO), mixed (TiWO) and catalysed metal 
reactive oxides (Pd/Pt catalysed TiO2) thin films. The material characterization combined 
with the gas sensing performance and electrical properties furthers the fundamental 
understanding of the gas interaction mechanisms.  
 
1.4 Outcomes and Author’s Achievements  
 
This research program has resulted in several novel and significant findings, adding to 
the body of knowledge pertaining to field effect solid state gas sensors as well as material 
science.  A comprehensive experimental and theoretical investigation of MROSiC based field 
effect devices for hydrogen and hydrocarbons sensing in high temperature environments is 
presented in this research.  The major outcomes of this research program are summarised as 
follows: 
• several Pt/Reactive Oxide/SiC based structures for hydrogen and hydrocarbon gas 
sensing applications were successfully developed and presented here in this thesis. 
The high temperature (up to 650°C) gas sensing performance of these sensors was 
demonstrated, where MROSiC device’s excellent stability, repeatability and complete 
recovery were observed.  
• the various novel metal reactive oxides including SnO2, In2O3, WO3, TiO2, MoO3, 
CoOx, ZnO, TiWO (binary oxide) and Pd/Pt catalysed TiO2 were employed as gas 
sensitive oxide layers. Their respective gas sensing performance and electrical 
properties were compared, highlighting the importance of the role of the oxide layer.  
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• the gas response was investigated in different ambient conditions, namely with 
(20%O2) and without (0%O2) background oxygen, to examine the influence of O2 on 
the hydrogen gas sensing properties. In addition the influence of thickness of the Pt 
gate electrode and metal reactive oxide layer on the gas sensing performance was 
studied.   
• novel n-ZnO/p-SiC Pt gate metal semiconductor field effect transistors (MESFET) 
were developed for the first time to the best of the author’s knowledge and 
concentration of hydrogen as low as 0.01% was measured.   
• the hydrogen gas interaction mechanism was studied for MROSIC and MESFET 
structures based on several experiments conducted and the interface properties 
obtained from analytical techniques. This study confirmed that the gas sensing 
response is attributed not only due to a decrease in the metal work-function, 
passivation of interface states but also a change in the conduction band electron 
density of the gas sensitive layer. 
 
In addition to the characterisation of novel sensors and thin films, a high temperature 
automated gas calibration system with computer controlled mass flow controllers was 
designed, developed and implemented. This research program successfully fulfilled its 
objectives in developing novel MROSiC field effect gas sensor devices for high temperature 
gas sensing applications.  From these accomplishments, there have been several key 
outcomes, the results of which have been published in refereed journals and presented at 
international conferences.  These include: 
 
1. 7 first author and 7 co-authored refereed journal publications 
2. 9 publications in fully reviewed international conference proceedings 
A full list of publications by the author can be found in Appendix B.  
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Additionally during this research program, the author was fortunate to be invited to 
three internationally recognized research laboratories to conduct joint experiments. 
 
1. Ishinomaki Senshu University, Ishinomaki, JAPAN.  
2. Saithama University, Saithama, JAPAN.    
3. Shanghai Institute of Ceramics, Chinese Academy of Science, Shangahi, CHINA.  
 
During the course of the research program, the author was also involved in organising 
courses entitled “Introduction to Semiconductor Device Fabrication” and “Introduction to 
Microsystems” for the RMIT Master of Engineering (coursework) program and as a technical 
advisor in several research projects for that program. The author’s work has been presented 
both personally, and on his behalf, at several international conferences, with the author being 
fortunate enough to personally attend the following: 
 
1. Society of Optical Engineering (SPIE) International Symposium on Smart 
Structures, Devies, and Systems, Sydney, Australia, December 21-24, 2004 
2. The 6th East Asia Conference on Chemical Sensors (EACSS), Guilin, China, 
November 6-9, 2005. 
 
1.5 Thesis Organisation 
 
The aim of this thesis is to develop and test novel metal reactive oxide thin film Silicon 
Carbide (MROSiC) field effect structures for hydrogen and hydrocarbons gas sensing in high 
temperature environments. The research has focussed on exploring novel metal reactive 
oxide thin films in a bid to increase the gas sensitivity and, to understand and study the 
important steps involved in the gas interaction mechanism. This thesis consists of seven 
chapters and five appendices to communicate the findings of this investigation and is 
presented as follows:  
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chapter 1 gives an overview of the author’s motivation for undertaking this research, the 
challenges, the achievements and the outcomes of this study.  
chapter 2 reviews the state-of-the-art related to SiC field effect gas sensors and gas sensing 
mechanisms. The justification for the author’s research rationale is presented.  
chapter 3 details the steps involved in the fabrication of the novel structures for reactive 
oxide gas sensitive thin film SiC field effect sensors. In addition the techniques employed for 
thin film deposition and the process of Schottky and ohmic contact formation are discussed.  
chapter 4 describes the microstructural characteristics of the reactive oxide gas sensitive thin 
films.  In addition a comprehensive investigation of the fabricated device’s interface in 
different conditions (as deposited, annealed and tested) is compared along with the diffusion 
analysis between Pt-oxide and oxide-SiC interfaces. This analysis was feasible owing to the 
different analytical tools used which include SEM, AFM, XRD, XPS and RBS.  
chapter 5 presents the experimental results obtained from the gas sensing performance and 
their respective electrical properties. The role of operating temperature, ambient gas 
concentration, biasing conditions and the influence of sensor structures are discussed.    
chapter 6 includes the novel findings from chapters 4 and 5 together with a detailed 
discussion of the hydrogen gas interaction mechanism for the novel structures proposed by 
the author.  The steps involved in the gas interaction mechanism are also summarised. 
chapter 7 presents the conclusions and suggestions for possible future work. 
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Chapter 2  
LITERATURE REVIEW AND RESEARCH RATIONALE 
 
The previous chapter outlined the motivation and objectives of this research. This 
chapter will illustrate the author's rationale for proposing a solid state thin film field effect 
novel structures based on SiC (metal reactive oxide silicon carbide: MROSiC and metal 
semiconductor field effect transistor: MESFET) for hydrogen and hydrocarbon gas sensing at 
hight temperatures. A detailed review of the state-of-the-art in SiC based field effect devices 
for gas sensing is presented. In addition the fundamental theory behind the operation of 
existing SiC based field effect devices, and model proposed by the author for the gas 
interaction mechanism are discussed.  
 
2.1 SiC Based Field Effect Gas Sensors  
 
Interest in field effect based gas sensors arose from the first reports of hydrogen 
sensitive Pd MOS based structures by Lundstrom et al.1,2 more than 30 years ago and has 
since intensified. Until the mid 1990’s, the majority of work on MOS based gas sensors 
concerned Pd/SiO2/Si structures, although MOS sensors based on other materials were also 




investigated3-10. They have been characterized towards a variety of gases that include: 
saturated3,11 and unsaturated12-14 hydrocarbons, carbon monoxide15,16, ammonia3,17,18 and 
hydrogen sulfide18,19.  
 
Despite extensive research efforts in the area of microelectronics for gas sensors, the 
major technological problem encountered with employing Si substrates is the limited 
operating temperature range (<200°C), rendering them incapable for use in high 
temperature environments. This is primarily due to silicon’s small energy band gap. These 
limitations are also responsible for the much lower sensitivity towards hydrocarbons, as 
higher temperatures are required for dehydrogenation on the catalytic metal surfaces. There 
are many properties of SiC that make it favourable for high temperature gas sensing.20 Some 
of which are seen in Table 2.1.  
 
Table 2.1: Comparison of some SiC and Si material properties.20 
 
Quantity 6H-SiC Si 
Energy band gap, Eg (eV) 3.02 1.12 
Thermal conductivity (Wcm-1K-1) 4.9 1.5 
Break down electric field (MVcm-1) 2.5 0.25 
Intrinsic carrier concentration (cm-3) 1.6 x 10-6 1.0 x 1010 
 
The development of SiC as a high temperature electronic material21 allows the 
fabrication of sensors and electronic devices which function in conditions where silicon (Si) 
based technology is inoperable. The device functionality of SiC is due to its wide band gap 
and low intrinsic carrier concentration. Combined with other material properties, such as its 
superior mechanical strength and high thermal conductivity, SiC is an excellent material to 
use in a wide range of high temperature and harsh environment applications.  Also the ability 
of SiC’s surface to oxidize and form SiO2, allows compatibility with already existing standard 
silicon-based fabrication processing.  In addition SiC has emerged as the most mature of the 
wide band gap semiconductors since the release of commercial 6H-SiC bulk substrates in 
1991.20 High temperature tolerant sensors are required in several industries such as: 
aerospace (emission monitoring, fuel leak detection, and fire detection), nuclear plant 




instrumentation, satellites, space exploration, geothermal wells, and exhaust monitoring in 
automobiles.20 The detection of explosive levels and leaks giving rise to immediate alarms is 
of critical importance as the consequences can range from expensive delays (economical 
downfall) to loss of life.  
 
The first publication illustrating the use SiC in field effect sensors was that of Hunter 
and co-workers at the NASA Lewis Research Center in 199222. Soon after research papers on 
SiC based MOS devices emerged from Linkoping23,24. In most cases, employing SiC based 
MOS devices in high temperature applications resulted in increased sensitivity compared 
with those based on Si. More importantly, these devices paved the way for direct monitoring 
of combustion processes, not possible with the previous Si based MOS sensors.  
 
Several modifications of such devices have been investigated to increase their 
sensitivity, and have included varying the thickness of the catalytic metal layer25, where it was 
demonstrated that thicker layers result in response saturation at higher gas concentrations. 
Increased sensitivity has also resulted from making the metal layer porous or 
discontinuous26-28. Despite improvements in the dynamic performance resulting from these 
modifications, the operating temperatures and maximum voltage shifts have remained 
similar. 
 
The modification that has generated the most interest in recent times has been to 
change the composition of the oxide layer. This resulted from the work by Chen, Hunter and 
co-workers investigating high temperature annealing and long term stability of Pd/SiC and 
Pd/SiO2/SiC Schottky diodes29. The hydrogen sensitivity greatly decreased after annealing at 
425°C for 140 hours, and exhibited drift in their responses when operated for long periods30. 
By employing SnO2 (a well known gas sensitive material) instead of SiO2, as well as an alloy of 
Pd/Cr, these devices showed increased sensitivity towards hydrogen and hydrocarbons and 
exhibited substantially improved long-term stability31. The use of a gas sensitive oxide layer 




ahead of an insulating oxide may therefore result in higher sensitivity, because the analyte 
not only reacts with the catalytic metal, but also with the oxide layer. Furthermore, they offer 
the possibility to tailor the selectivity as a result of varying the composition of the oxide layer. 
 
Selecting different oxide layers offers greater sensing possibilities in that a wider range 
of gases can be monitored with such MOS field effect devices. However, not only is the 
sensing performance altered, so too are the gas sensing mechanisms, as they now take into 
consideration the additional reactions occurring between the oxide and the analyte gas. To 
date, numerous other materials have been investigated in SiC based field effect hydrogen and 
hydrocarbon sensors, among them are SnO231, CeO232, TiO233,34, Ga2O3-ZnO35, Ga2O336,37, 
WO338,39, CoOx40,41, MoO342, In2O343, TiWO44, Pt catalysed TiO245. Alongside SiC based 
transistor gas sensors were reported in a step to amplify the sensitivity.46-48 Catalytic metal 
oxide/insulator silicon carbide field effect devices, MISiC-FETs and MOSiC-FETs were 
developed and their functioning in a corrosive atmosphere of H2/O2 at temperatures above 
500°C was demonstrated. The buried gate design allows the sensor to operate at high 
temperatures.  However the buried channel in the semiconductor made the design more 
complicated, especially regarding the doping process.  It is seen from these reports that SiC 
has allowed MOS devices to be operated at higher temperatures.   
 
The purpose of this study is to further enhance the sensitivity of these SiC based field 
effect devices to hydrogen and hydrocarbons, in addition to increasing the understanding of 
the gas interaction mechanism.  The following are the approaches taken in a bid to achieve 
these goals: 
• compare several different gas sensitive reactive oxide layers sandwiched between 
the Pt metal gate and the SiC substrate.  
• investigate the effects of introducing a catalytic layer (ideally in the form of 
clusters) on the oxide surface. This catalytic layer is expected to increase the 
number of adsorption sites for the gas to interact with the sensor surface.  




• to realize a three terminal (transistor) gas sensor with simple structure 
(MESFET) and one that does not use complex doping processes such as ion 
implantation.  
 
Table 2.2: Comparison of SiC based field effect sensors with a gas sensitive layer between the Pt gate 
electrode and the SiC substrate.  
 
Device structure T (°C) Conc., of analyte gas Voltage shift (∆V) Ref 
Pt/SiO2/SiC 400 5000ppmH2 in air 0.8V 49 
Pd/SnO2/SiC 350  400ppm of H2/N2 0.3V at 0.1mA 31 








1%H2 in air 
1%H2/N2-1%O2/N2 
1%C3H6 in air 
3V at 50µA 
0.425V at 9µA 
4.5V at 0.5mA 




Pt/WO3/SiC 300 10%H2/N2-10%O2/N2 2.5V at 0.1mA 38,51 
Pt/Ga2O3/SiC 525 1%H2 in air 0.3V at 0.1mA 36,52 
Pt/Ga2O3-ZnO/SiC 525 1900ppm of C3H6 0.16V at 0.1mA 35 
Pt/MoO3/SiC# 310 1% H2 in air 
1%H2/N2-1%O2/N2 
0.3V at 0.5mA 
2.3V at 0.5mA 
42 
PT/CoOx/SiC# 420 1%H2 in air 
1%C3H6 in air 
0.5V at 10µA 




1%H2 in air 
1%C3H6 in air 
1.15V at 10µA 
2.52V at 10µA 
44 
Pt/catalysed TiO2/SiC# 250 
420 
1%H2 in air 
1%C3H6 in air 
2.8V at 10µA 
3.2V at 10µA 
45 






4000ppm H2, 0.5%O2 
1V at 0.1mA 
1.75V at 1mA 
47 
53 
n-ZnO/p-SiC, Pt-gate MESFET# 300 4%H2/N2-4%O2/N2 8V at 5µA 54 
#denoted the devices fabricated and tested by the author. This comparison is for an overview only. As 




A comparison of the results obtained for device fabricated by the author with those 
reported in the literature are shown in Table 2.2. Clearly the devices based on catalysed TiO2, 
CoOx and the mixed oxide of Ti and W (TiWO) gives responses of at least an order in 
magnitude greater that those reported in literature. It is also important to note that 
unprecedented responses towards hydrogen were obtained with the transistor structure 
(MESFET), which had a response of more than double that of the best performing Schottky 
or transistor based structure reported in literature.  
 




2.2 Field Effect Device - Theory 
 
Field effect gas sensors operate by monitoring changes in their electrical field 
distributions in the presence of the analyte gas species. They consist of junctions of metal, 
semiconducting and insulating materials. Direct measurements of current, capacitance and 
conductance are made as a function of bias voltage, and from them numerous parameters 
(including barrier height, interface state density etc.) may be determined. 
 
SiC based field effect gas sensors belong to the metal oxide semiconductor (MOS) 
family of devices. They are layered structures in which a catalytic metal layer is generally 
deposited over a metal oxide thin film, which may be an insulating or semiconducting 
material. The metal and metal oxide layers are in turn deposited onto a SiC substrate. The 
output signal is generally the change in bias voltage upon exposure to gas, when biased at 
constant current.  
 
As seen in Figure 2.1, SiC based field effect gas sensors can have several different 
configurations. In each configuration, gas molecules dissociate via a catalytic reaction on the 
metal surface. The reaction products and intermediary products may polarize and adsorb at 
the metal surface, or spill over to the uncovered parts of the oxide surface. Hydrogen atoms, 
formed by dissociative reactions of hydrogen or hydrogen-containing species, diffuse through 
the catalytic metal and form dipoles at the metal-insulator interface55. A resulting dipole layer 
alters the electric field distribution within the sensors, causing a shift in either its current–
voltage (I-V), capacitance–voltage (C-V) or conductance–voltage (G-V) characteristic. Upon 
exposure to reducing gases, such as H2 and hydrocarbons, the I-V and C-V characteristic 
curves will shift towards lower voltages, and towards higher voltages for oxidizing gases such 
as O2 and NOx. These sensors consist of a thin catalytic metal layer, generally group VIII 
transition metals such as platinum (Pt) or palladium (Pd), deposited over an oxide layer, 
usually SiO2, which is in turn deposited on silicon carbide substrates. Their manufacturing 




processes and packaging technology are the same as for standard integrated circuits. The 




Figure 2.1: Configurations of SiC based field effect gas sensors and their typical responses: Top: 
Schottky diode, middle: capacitor, bottom: field effect transistor (∆V is the observed voltage shift and 
HC stands for hydrocarbons).56-58 
 
The Schottky diode is a two terminal device in which a voltage is placed across the 
metal and semiconductor, causing a current to flow. In general, the thickness of the oxide is 
typically several atomic layers, and is referred to as an interfacial layer. Based on the 
thermionic field emission conduction mechanism of Schottky diodes, the diode current can 





















































where V is the voltage across the Schottky junction, q is the electron charge (1.602 × 10-19 C), 
n is the ideality factor, k is Boltzmann’s constant (1.38 × 10−23 J/K), T is the temperature (°K), 
Isat is the saturation current, S is the area of the contact (cm2), A** is the effective Richardson’s 
constant (Acm-2K-2) and φb is the barrier height (eV).  
 
For the capacitor structure, the terminals are also placed on the metal and 
semiconductor. However the oxide layer’s thickness (around 100nm) is typically larger than 
that used for the diode sensor. This is to prevent tunnelling between the metal and 
semiconductor. Furthermore, this oxide layer must be insulating in order to prevent current 
conduction and to facilitate the build up of charge on either of its sides. Changes in the 
flatband voltage of the sensor are monitored in the presence of a gas. The total capacitance of 
the device is the series addition of the oxide and semiconductor capacitances, Cox and CS, 











The final structure shown in Figure 2.1 (bottom) is the transistor, which is a three 
terminal device. The oxide layer is a semiconductor, and current flowing through it between 
the drain and source electrodes is modulated by the potential of the catalytic metal gate 
electrode.   
 
In this thesis similar device configurations to those shown in Figure 2.1 (with 
modifications) have been utilized. These configurations are listed at the beginning of 
chapter 3 and a schematic view of the various devices employed is presented in the summary 
section.  




2.3 Gas Sensing Principle  
 
A schematic of the gas interaction occurring in a typical MROSiC sensor is shown in 
Figure 2.2. These sensors consist of a thin catalytic transition metal layer such as platinum 
(Pt) or palladium (Pd), deposited on top of an oxide/insulating layer on a SiC substrate. 
Hydrogen molecules dissociate on the catalytic metal surface and the atomic hydrogen 
species diffuse through the catalytic metal, forming an electrically polarized dipole layer at 
the metal-insulator/oxide interface. The trapped hydrogen atoms at the metal-insulator 
interface decrease the barrier height of the device, effectively reducing the metal-




Figure 2.2: Schematic picture of surface reactions, diffusion and trapping. The hydrogen and oxygen 
molecules in the ambient are adsorbed and dissociated on the catalytic metal surface. Equilibrium is 
rapidly established by atomic hydrogen diffusion through the catalytic metal film (Pd or Pt). The 
adsorbed H2 surface atoms react with the adsorbed O2 atoms forming water molecules, which desorb 
from the surface. In addition the adsorbed H2 atoms may also associate and leave the surface as H2 
molecules (∆V is the observed voltage shift as shown in Figure 2.1).63 
 
 
The polarization induced by the hydrogen gas at the metal-oxide interface (voltage 
drop) changes the I-V curves of a Schottky diode or a transistor, and changes the flat band 
voltage across the capacitor. Similar responses can be observed from the results presented in 
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usually measured as a change in voltage when the device is held at constant current (Chapter 
5: Figure 5.3, Figure 5.6, Figure 5.9 and Figure 5.12). The gas response follows a Langmuir 
isotherm, with saturation occurring at higher concentrations (>0.5%).64 
 
The gas sensing mechanism of SiC based field effect transistors is very complex and 
currently not fully understood. Gas sensing models based on transistors as sensors are scarce. 
Nakagomi et al. proposed a model for the device region from source to drain through the 
intrinsic gate in a MISiC-FET device.53 Measurements were carried out with the application 
of a gate bias and introduction of the gas at the same time. It is not clear which one of the two 
influenced the lowering of the barrier height to enable current to conduct from source to 
drain. To shed some light into such ambiguities, the author has proposed a novel gas 
sensitive MESFET structure and an explanation of the gas interaction mechanism with the 




From the outset of this research program, it has been the author's aim to develop a 
highly sensitive hydrogen and hydrocarbon gas sensors which can be operational at high 
temperatures using novel MROSiC and MESFET structures. In this chapter, a review of the 
current status of SiC based field effect gas sensors is presented, followed by insights into the 
device configurations, measurement quantities and the gas sensing principles. The author's 
rationale for proposing MROSiC and MESFET structures for gas sensing applications was 
then detailed. The author referred to the MOS gas sensor literature to methodically direct the 
reader to relevant publications to develop the underlying principles of the proposed MROSiC 
and MESFET structures.  
 
Table 2.2 highlights the increased sensitivity of the authors’ proposed novel gas 
sensitive MROSiC and MESFET structures when compared to others reported in literature. 




In addition the requirement for a concise model to understand the gas interaction in 
transistors is emphasised. Finally it is envisaged that with the utilisation of these novel 
structures the objectives outlined in Chapter 1, section 1.2 will be fulfilled.  
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Chapter 3 
SIC BASED FIELD EFFECT SENSOR FABRICATION  
 
In this chapter, the procedure and various processes used to fabricate the SiC based 
reactive metal oxide field effect devices is described in detail. The sensors were fabricated 
using conventional CMOS (complementary metal oxide semiconductor) fabrication 
techniques1 such as thin film deposition, photolithography lift-off, and ohmic and Schottky 
contact formation. Throughout this research program field effect devices were fabricated on 
SiC substrates with the following configurations: 
 
• Pt/reactive oxide/n-6HSiC with Ti/Pt ohmic contacts: the reactive oxide include 
several single (SnO2, In2O3, WO3, TiO2, MoO3, CoOx, ZnO) and mixed (TiWO) 
oxides. 
• Pt/catalysed reactive oxide/n-6HSiC with Ti/Pt ohmic contacts: the reactive oxide 
utilized was TiO2 and a thin (<10nm) catalytic layer of Pd and Pt (ideally in the 
form of clusters) was deposited on TiO2.  
• n-ZnO/p-6HSiC, Pt gate metal semiconductor field effect transistor (MESFET) with 
Al ohmic contacts on n-ZnO. 
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All fabrications steps were performed by the author at the Microelectronics and 
Materials Technology Centre (MMTC - clean-room (C1000) and vacuum laboratory facilities) 
at RMIT University. The author actively initiated the deposition of gas sensitive layers during 
a research project with The University of Brescia, in ITALY. In addition, devices were also 
fabricated during the author’s research work at Saitama University and Ishinomaki Senshu 
University, in JAPAN. 
 
3.1 Wafer Dicing 
 
The sensors were fabricated on n-type 6H-SiC conducting wafers purchased from 
Sterling Semiconductor, USA. The substrate specifications are presented in Appendix A. The 
2” wafers were diced into individual 3mm×3mm squares using a DISCO DAC 321 automatic 
dicing saw. As the dicing process is delicate, careful attention was paid to mounting the 
substrate on the cutting stage so as to cut the substrate along a crystallographic axis.  Failure 
to do so would result in the substrate being damaged and fractured. 
 
3.2 Cleaning Process 
 
Once cut to size, the SiC substrates were initially washed in acetone for 5 minutes to 
remove any organic impurities from the surface, followed by rinsing in isopropanol and DI 
water.  Any oxides on the wafer were removed by etching in HF (40%) + H2O, 1:2, for 5 
minutes.  This process was carried out in a Branson 1200 Ultrasonic mixer.  Thereafter the 
wafers were rinsed in DI water and blown dry in nitrogen at room temperature. Cleaning of 
the samples is a vital part in the fabrication process as contaminates could lead to failure of 
the device.  
 
A second cleaning process was followed after the formation of the backside ohmic 
contact. The high temperature treatment during the ohmic contact formation results in the 
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growth of a thin oxide layer on the bare or polished side of the SiC. Cleaning in HF (40%) + 
H2O, 1:2, for a period of 5 minutes is essential to remove this thin oxide layer. This step 
ensures that the gas sensitive layer is deposited on a contamination free clean surface.  
 
3.3 Photolithographic Lift-Off Process: Ohmic Contact  
 
To realize devices based on SiC, highly stable low-resistance or near ohmic contacts are 
essential. After conducting a careful review on the possible ohmic contacts2-6 Ti was selected 
due to its low specific contact resistivity with SiC, approximately 10-4 Ωcm2. 
 
The photolithographic lift off process was conducted in a class-1000 clean room 
environment at 22°C and a relative humidity of 40%. Typically, groups of 15 to 20 samples 
were processed at a time. A negative mask was employed to pattern the Ti/Pt metal layer on 
the unpolished or back side of the SiC wafer.  The summary of the photolithography lift-off 
process is shown in Figure 3.1.  
 
Firstly, a layer of photo-resist was deposited by spin coating.  In this process, 
hexamethyl disilazane (HMDS) was spun onto the wafer at 3000 rpm for 40 seconds to 
improve the adherence of the photo-resist to the wafer.  Afterwards, AZ-1512 positive photo-
resist was spun at 3000 rpm for 30 seconds resulting in a 1.2µm thick layer. The sample was 
then baked in an oven at 90°C for 20 minutes to solidify the polymer by evaporating the 
excess solvents.  The photo-resist layer was patterned with a negative mask.  After aligning 
the pattern in the correct position, the photo-resist was exposed to a broad band ultra violet 
light from a Hg lamp with a intensity of 1omW/cm2 for 12 sec.  The wafer then was developed 
in a mixture of AZ-400 developer and DI water in the ratio of 1:4 for 40 sec.  It was important 
to prevent damage to the photo-resist pattern structure at this stage.  
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Following the patterning of the photo-resist, an e-beam evaporation system was 
employed to deposit the metal layers for ohmic contacts, which consisted of 30nm of Ti and 
100nm of Pt.  Pt was used as a capping layer to prevent the oxidation of Ti during the 
annealing process.  The final step was removing the photo-resist by immersing the wafer in 
an acetone bath for approximately 5–6 minutes.  Ultrasonic agitation was utilized to assist in 
the removal process. Finally the SiC samples with the Ti/Pt ohmic contacts were subjected to 
an annealing process at 600°C for 60 min in nitrogen to form ohmic contacts.  
 
 
Figure 3.1: Steps involved in the photolithographic lift-off process (the process flow sequence 
is shown using arrows). 
 
3.4 Thin Films Deposition: Reactive oxide Gas sensitive layer  
 
The reactive oxide gas sensitive thin films were deposited employing RF magnetron 
sputtering and laser ablation techniques.  These techniques have received considerable 
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high deposition rate, homogeneous layer, precision control over the composition of the 
deposited layer and the possibility to use a wide variety of materials.  In addition the two 
methods are suitable for deposition of both metallic and non-metallic (ceramics and 
insulators) target materials. Furthermore these two techniques are a standard in the 
semiconductor industry.    
 
The deposition parameters used for the gas sensitive layers by the two techniques are 
listed in Table 3.1 and Table 3.2. Several experiments were conducted in the course of the 
research program to establish these deposition parameters. The parameters were kept 
constant to facilitate the comparisons of device performance based on the reactivity of the gas 
sensitive metal oxide layer.  The gas sensitive layers deposited on n type 6H-SiC conducting 
substrates were undoped. The temperatures given in the table is the temperature to which the 
substrates or samples were raised prior to reactive oxide layer deposition.   
 
Table 3.1: RF magnetron sputtering deposition parameters. 
 
Properties WO3, TiO2, ZnO 
(RMIT University) 
WO3, TiO2, MoO3, 
CoOx, TiWO 
(University of Brescia) 
Pt and Pd 
(University of 
Brescia) 
Power 40~100W 50~70W 50W 
Sputtering gas 40%O2, Ar balance 50% O2, Ar balance Ar 
Working pressure 10mTorr 60mTorr 10mTorr 
Base/Ultimate vacuum 0.01mTorr 0.001mTorr 0.001mTorr 
Target to substrate distance 30~60mm 70mm 70mm 
Substrate Temperature 260°C 300°C 300°C 
Deposition rate 1-2 nm/min  
(≈100-200nm) 




Pre-sputtering time 20 min 15-20min 10min 
 
Table 3.2: Laser ablation deposition parameters. 
 
Properties SnO2, WO3, In2O3 and Pt 
Laser Source Nd:YAG ( λ=532nm,5-7ns) 
Output Power 50-70 mW  
Laser Repetition Rate 10Hz.  
Material purity 99.99% 
Base/Ablation pressure 0.01mTorr 
Target to Substrate distance 60mm 
Substrate Temperature 25°C 
Thickness Oxides: 60~120 nm, Pt: 30~90 nm 
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In some samples, TiO2 films were covered with a thin layer of Pt, ideally in the form of 
clusters (<5-8nm). The Pt clusters act as a catalyst in the surface reaction of hydrogen and 
hydrocarbons with TiO2. Thus Pt catalysed TiO2 and un-catalysed or pure TiO2 sensors have 
been compared in terms of their gas sensing performance, electrical properties and hydrogen 
surface coverage.  
 




Figure 3.2 Process steps for Schottky contact formation using a shadow mask. (a) Cross-section of the 
shadow mask in contact with the reactive oxide, during Pt deposition. (b) Plan view of the shadow 
mask. A circular hole of approximately 1.5mm in diameter is made on a thin sheet of Ti or Al of 0.5mm 
thickness. (c) Fabricated device after the removal of the shadow mask.  
 
The final stage of the MROSiC device fabrication was the deposition of the Pt Schottky 
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the form of a circular pad. This was achieved by applying a shadow mask with 1.5mm 
diameter holes over the reactive oxide layer.  The thickness of this Pt layer was 85-100 nm.  A 
schematic of the Schottky contact formation is shown in Figure 3.2. Using a shadow mask to 
fabricate such devices provides a relatively simple process and is an inexpensive technology.  
 
In the case of n-ZnO/p-SiC, Pt-gate MESFET, a slightly different fabrication procedure 
was followed. Patterning of the contacts was done using a two stage lift-off process. First the 
two ohmic Al contacts were formed, followed by the Schottky (Pt) gate contact.  
Figure 3.3 shows a schematic cross-section and plan view of the fabricated n-ZnO/p-
SiC Pt-gate MESFET device. The ohmic contacts form the source and drain, and are 
approximately 240 µm apart, with the gate centred between them. The thickness and the 








In this chapter, the successful fabrication of novel MROSiC (Pt/reactive oxide/SiC) and 
MESFET (nZnO/pSiC, Pt gate) devices is presented and the fabrication procedure outlined. 
The steps involved in the fabrication process include metallization, photolithography, lift-off, 
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for the metal reactive oxide layers and the conditions for ohmic and Schottky contact 
formations are described in detailed. The various processes involved in the fabrication of 
MROSiC and MESFET devices were developed and characterised to ensure repeatability. A 
summary of the different processes steps involved in the fabrication of these sensors is 
illustrated in Figure 3.4. 
 
Having now fabricated the sensors, both the thin films and the sensors were ready for 
characterisation.  This involved both characterising the thin film microstructure as well as the 
sensor characteristics which include gas sensing performance, electrical properties and 
hydrogen coverage.  Both these forms of characterisation will be discussed in the following 
chapters. A schematic diagram of the various sensors fabricated and used during the course 
of this investigation is shown in Figure 3.5. 
 
 
Figure 3.4: Summary of different steps involved in the fabrication process 
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Figure 3.5: Configurations of the fabricated MROSiC and MESFET devices. (a) Pt/reactive oxide/nSiC, 
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Chapter 4 
THIN FILM AND MATERIAL CHARACTERIZATION 
 
The microstructural properties of gas sensitive thin films, used in gas sensors, are of 
critical importance for such devices to be deployed successfully. This chapter reports on those 
analytical tools used by the author to characterize the surface and interface properties of the 
field effect devices with gas sensitive layers used in this research investigation. Special 
attention has been given to analysing and evaluating the interfaces (Pt/oxide & oxide/SiC) in 
the sensor structure, thereby to have a better understanding of the sensors’ performance in 
different conditions. For instance the interfaces of the as-deposited, annealed (thermal 
treatment at 650°C in air) and tested (exposed to 20%O2, 1%H2 and 1%C3H6 at 650°C for 
approximately 5 days) sensors have been compared.  
 
This chapter is divided into five sections, each based on the analytical tool employed for 
characterization. A brief description of the instrumentation and the inferences from the 
samples analysed are presented. Correlations of all the results obtained are discussed and 
summarised. Since the gas sensitive oxide layer’s surface and interface properties strongly 
influence the gas sensing performance, it was of paramount importance to use analytical 
tools to study and understand these properties.  
 




4.1 Atomic Force Microscopy (AFM) 
 
An AFM image is produced by measuring attractive or repulsive forces between a 
scanning probe tip and the sample surface.1 Since its invention, science and technology has 
taken a different perspective with respect to surface analysis. Apart from topographical 
mapping of surfaces, AFMs are being used as an integral part in chemical, physical and bio-
sensors.2-5 With the AFM, virtually any surface, whether it is an insulator, conductor or 
organic can be imaged.6 The materials can also be analysed in different environments, such in 
liquid media, under vacuum, and at low temperatures.  
 
The AFM can be operated in several different ways. The most common is contact mode, 
where the tip is in intimate contact with the surface. As it raster-scans across the surface, it is 
deflected as it encounters surface corrugations. Tapping Mode or Dynamic Force Mode 
(DFM) is another approach in which a stiff cantilever is brought within close proximity of the 
surface. It is then oscillates and changes in the resonant frequency or amplitude of the 
cantilever are measured during a scan. In this thesis the author preferred the usage of 
tapping mode as it offers improved lateral resolution and virtually eliminates lateral forces 
such as drag, which is commonly observed in contact mode. The surface morphology (grain 
size and surface roughness) was measured with a Nanoscope III atomic force microscope 
(Digital Co. Instruments, USA) using a normal silicon nitride tip (125 µm) in Tapping Mode 
scanning the surface with an oscillating tip at its resonant frequency (200–400 kHz). All 
measurements were performed at room temperature. 
 
The top view of 1µm x 1µm surface regions of Pt thin films of different thicknesses 
deposited on In2O3/SiC are shown in Figure 4.1, illustrating the variation in grain 
distribution. The AFM scans in Figure 4.2 shows the three dimensional surface morphology 
of the same Pt thin films deposited on In2O3/SiC substrates.  The Pt grain distribution was 
found to be more uniform with increasing film thickness along with a decrease in grain size.  




The surface of the 30nm Pt thin film is composed of grains with dimensions between 10 and 
20 nm, having surface roughness of approximately 10nm, making them porous and granular 
in structure. The 50 and 90nm thin films have grain dimensions ranging between 7-10, and 
3-5nm, respectively. The 90nm thin film is compact with a smooth surface and uniform grain 
distribution; the surface roughness is about 1nm.  
 
The porosity and the grain geometry of the 30nm Pt thin film are believed to 
significantly affect the hydrogen sensing characteristics largely due to an enormous increase 
in the surface area available for gas interaction. After observing the images in Figure 4.1 and 
Figure 4.2, it is expected that the thinnest Pt layer will offer faster hydrogen diffusion and 
thereby a faster response to the gas.  In chapter 5, the dependence of hydrogen surface 
coverage on the Pt electrode thickness is discussed, highlighting the importance of 
microstructural characteristics for gas sensor performance.  
 
Figure 4.3 shows the AFM image describing the surface morphology of the In2O3, WO3 
and SnO2 thin films deposited on SiC (approximately 50~60nm) in two conditions: (a-c) as 
deposited (room temperature) and (d-f) heat treated at 450ºC in air. The average roughness 
(Ra) for the In2O3, WO3 and SnO2 as-deposited thin films were measured to be approximately 
0.655, 0.207 and 0.224nm respectively. The corresponding changes in average roughness 
after the heat treatment process were 2.909, 0.505 and 1.047nm.  From the figures presented 
only In2O3 thin films show a distinct change in grain structure (shape and size) after heat 
treatment. The change in maximum roughness (Rmax) between the deposited and annealed 
conditions was found to be approximately 30.8, 2.9 and 1.38nm for In2O3, WO3 and SnO2, 
respectively.  This change is comparatively small for WO3 and SnO2 thin films.  In addition 
the SnO2 thin film cracked after the heat treatment process. These surface parameters such as 
surface roughness and grain size are expected to play a critical role in the gas sensitivity of 
the proposed field effect based sensors.  
 







Figure 4.1: AFM (1µm x 1µm) micrograph comparing the surface features such as grain structure and 
uniformity of different thickness of Pt thin films deposited on In2O3/SiC (the thickness of the Pt thin 






Figure 4.2: AFM 3D images of as-deposited Pt thin films on In2O3/SiC at room temperature. The 
thicknesses of the Pt thin films are (a) 30nm, (b) 50nm and (c) 90nm.  
Pt: 50nm Pt: 90nm Pt: 30nm 






Figure 4.3: AFM images of (a-c) as-deposited thin films of In2O3, WO3 and SnO2 on SiC substrate and 
(d-f) correspondingly annealed in air at 450ºC for 1 hour (the thickness of the as- deposited films are 
50~60nm). 
 
4.2 Scanning Electron Microscopy (SEM) 
 
The SEM is perhaps the most routinely utilized instrument for material 
characterization, specifically surface properties. It works by scanning an electron probe 
across a surface and monitoring the secondary electrons that are emitted. Information 
regarding a material’s topography, chemical composition, morphology and crystallographic 
structure can all be obtained.7-9 In sensor technology it is predominantly used to study 
surfaces of thin films and gas or bio-sensitive layers. For many thin film based gas sensors, 
the surface to volume ratio of a gas sensitive layer is likely to influence its sensitivity. All the 
information obtained using an SEM can be correlated to the response of a sensor, and may 
also be used to allow researchers to optimize the performance of their sensors.  
 
Figure 4.4 and Figure 4.5 show the surface morphology of a Pt catalytic layer deposited 
on TiO2/SiC at two different magnifications. The micrographs reveal a uniform dispersion of 
(a) (1µm x 1µm) (b) (1µm x 1µm) (c) (1µm x 1µm) 
(d) (500nm x 500nm) (e) (500nm x 500nm) (f) (500nm x 500nm)




the Pt grains over the entire TiO2 surface. A closer inspection indicates the deposited thin 
film (<5~8 nm in thickness) is discontinuous and in the form of clusters. The Pt deposition 
condition used resulted in a non continuos layer with small metallic clusters of the orders of 
few nanometers assuring a high catalytic activity. This clustering of Pt into particles provides 
the TiO2 gas sensitive layer with a catalytic surface; hence the term ‘Pt catalysed TiO2’. The 
small Pt grains are approximately between 8 and 15 nm in diameter. This clustering effect is 
expected to increase the sensitivity of the sensor by providing additional analyte gas 
adsorption sites.   
 
In Figure 4.6 Pt grains are visible with dimensions of approximately 0.3 to 1µm. The 
distribution of Pt particles is still uniform but with varying particle size. The increase in the 
Pt particle size (compared to Figure 4.4 and Figure 4.5) is due to aggromation (sintering) 




Figure 4.4 SEM micrograph of a Pt thin film (<5~8nm in thickness) deposited on TiO2/SiC (LEO 1525 
SEM equipped with field emission gun at 2kV and a working distance of 3mm with 50,000 times 
magnification). 






Figure 4.5: SEM micrograph of a Pt thin film (<5~8nm) deposited on TiO2/SiC at a higher 
magnification (compared to Figure 4.4), 130,000 times. A discontinuous thin film is visible in the form 
of clusters with a diameter of approximately 10 to 20nm (LEO 1525 SEM equipped with field emission 





Figure 4.6: SEM micrograph of Pt catalytic layer, annealed at 650°C in an ambient containing oxygen, 
hydrogen and propene (Philips XL-30 with a secondary electrons (SE) at 20kV accelerating voltage 
and a spot size of 5.0). 
 
 




4.3 X-Ray Photoelectron Spectroscopy (XPS) 
 
XPS is utilized for quantifying the chemical and electronic states of the elements in the 
first few atomic layers of a material’s surface. It can be used to identify elements in the 
sample surface, their chemical bonds, and hence the chemical composition and empirical 
formulae (stoichiometry).10-13  It is based on the photoelectric effect, in which X-rays cause 
photoelectrons to be ejected from a material. The intensity of the ejected photoelectrons is 
plotted as a spectrum of their binding energies. The acquired spectrum is compared with 
spectra from known databases. The peak positions and shapes correspond to the material’s 
electronic configuration, and therefore elements and compounds show their own unique 
characteristic peaks. In sensing applications XPS is used not only to study the chemical 
composition of a sensing layer, but also to study the interaction between the surface and the 
analyte species.  As XPS is surface sensitive, it is ideal for characterizing sensing layers, as the 
interaction between the analyte and sensing layer occurs on the surface. By performing XPS 
measurements on the sensing surface, both before and after interaction of analyte gases, the 
inferences aid in understanding some facets of the gas sensing mechanisms.   
 
In the XPS experiments performed for this thesis, the samples were fixed on the 
standard VG Escalab holder stub by means of an Au foil mask with a window of 1 mm 
diameter. The Selected-Area XPS (SAXPS) measurements and Ar+ ion sputtering were 
performed in a VG Escalab MkII spectrometer equipped with a 5 channeltron detection 
system and an unmonochromatized source of Al Kα (1486.6 eV) X-ray. The electrostatic 
lenses were operated in the selected-area mode, providing photoelectron collection from the 
sample area of about 0.3 mm2. The binding energy (BE) scale was calibrated by measuring 
and locating reference peaks of Au 4f7/2 (84.0 eV) from the Au foil and C 1s (285.0 eV) from 
the initial contamination of the surface. The Ar+ ion beam of 2.0keV energy, rastered over an 
area of 1 x 1 mm2, was operated at a current density J = 3 µA/cm2.  
 




The surface chemical composition of CoOx gas sensitive layers deposited on SiC was 
investigated by XPS, revealing the presence of the elements O, C and Co. The oxygen 1s 
spectrum was decomposed into two peaks (O(oxide) and O-(abs.)), at 530.6 and 532.4 eV, 
attributed to the oxides (cobalt oxide) and to the surface contamination, respectively. The 
presence of carbon (BE = 285.0 eV) is attributed to the surface contamination. Two common 
forms of cobalt oxide are known from the literature: CoO (oxidation state of Co+2) and mixed 
valency spinel Co3O4 with Co+2 (tetrahedral sites) and Co+3 (octahedral sites) ions 
simultaneously present in the lattice.14,15 The obtained BE value (Figure 4.7) of the Co 2p3/2 
peak (780.7 eV) is typical for the Co3O4 compound.16 The presence of Co3O4 in all the samples 
is also confirmed by the values of the ratio O(oxide)/Co 2p3/2 (1.33, 1.39 and 1.58 for the as-
deposited, annealed and tested, respectively) which are very close to the stoichiometric value 
of 1.33. Another, even more important proof of the mixed valency oxide is the shape of the Co 
2p spectra. In fact, the two forms of cobalt oxide are characterized by different intensities of 
shake-up satellites.17 The Co 2p spectra for all investigated samples (see Figure 4.7) exhibit a 
very low satellite peak between the doublet Co 2p3/2 and Co 2p1/2, at BE = 790.3 eV, what is 
typical of Co3O4.18  
 
 










The distribution of the chemical elements through the whole thickness of the MROSiC 
device was investigated by XPS depth profiling. The elemental distribution (atomic %) versus 
the sputtering time of the as-deposited sample is presented in Figure 4.8. In the insert of this 
figure is shown the depth profile of the CoOx film measured in the sample area without a Pt 
electrode. In both cases, the film of CoOx is quite uniform in-depth. The interface between 
CoOx and SiC is neat in the depth profile without Pt, while the same interface is noticeably 
broader and reveals a partial diffusion between the layers in the structure Pt/CoOx/SiC. After 
a few minutes of ion sputtering of the CoOx film, a change of the detected Co chemical state 
was registered. The line shape of the Co 2p spectra was substantially changed with an 
appearance of distinctive satellite peak at a BE higher by 6.3 eV than the main Co 2p3/2 peak. 
The presence of this satellite is typical for the Co 2p spectra of CoO oxide10. Moreover, from 
the depth profiles in Figure 4.8 it is possible to calculate the atomic ratio O(oxide)/Co, that is 
very close to 1. Such a variation of the oxidation state has been observed in the literature11, 
where it was attributed to the sample modification caused by prolonged ion bombardment 
(for more than 10 min). More information on the cobalt chemical state in the film volume can 




Figure 4.8: XPS depth profile of the as-deposited Pt/CoOx/SiC sample (in the insert - depth profile of a 
CoOx film sample area without a Pt overlayer). 
 




In Figure 4.9 a comparison of the Co 2p spectra at the Pt/CoOx interface and deeper, in 
the volume of oxide film is shown. The satellite typical for CoO is present in both cases with 
atomic ratio O(oxide)/Co equal to 1. On the basis of these results and considering that the Pt 
overlayer must inhibit the successive oxidation of cobalt, it is possible to affirm that the 
whole oxide film in the untreated MROSiC structure is composed of CoO. As it was 
mentioned above, on the surface of annealed samples is present the spinel Co3O4, but after 
only few minutes of ion sputtering, performed on the sample area without the Pt overlayer, 
the cobalt oxidation state is changed to Co+2. The chemical composition of the sample in 




Figure 4.9: Co 2p spectra of an as-deposited sample, registered at different sputtering depths (top: 
after 45 minutes of sputtering and bottom: at the Pt/CoOx interface).  
 
Table 4.1: Chemical composition of the CoOx samples (investigated area without Pt overlayer) 
 
Sample  C 1s O(oxy) O(H2O/OH) Co 2p3/2 O(oxy)/ Co 2p3/2 
Atomic % 26.3 29.3 22.4 22.0 
CoOx as deposited 
BE (eV) 285.0 530.6 532.4 780.7 
1.33 
Atomic % 14.0 40.1 17.1 28.8 
CoOx annealed 
BE (eV) 285.0 530.5 532.5 780.7 
1.39 
Atomic % 33.4 23.2 28.7 14.7 CoOx annealed and 
tested BE (eV) 285.0 530.3 532.5 780.7 
1.58 
 




The XPS depth profile across a Pt/TiWO/SiC device is shown in Figure 4.10. From the 
sputtering time required to remove the Pt layer, the thickness was estimated to be 
approximately 1oonm. Similarly the thickness of the gas sensitive layer TiWO was 
approximated to be 100nm. A clean and sharp interface at Pt/TiWO and TiWO/SiC is 
evident, indicating the absence of inter-diffusion. The chemical composition of various 





Figure 4.10: XPS depth profile of an as-deposited Pt/TiWO/SiC  MROSiC field effect device. 
 
 
A comparison of the XPS depth profiles of TiWO/SiC devices in different conditions (a) 
as-deposited, (b) annealed in air and (c) tested sample exposed to different ambient 
atmospheres of O2, H2 and C3H6 are illustrated in Figure 4.11  The elements present in the as-
deposited film (Figure 4.11 (a)) are homogenously distributed through the whole thickness of 
the sample, and moreover, the interface between the TiWO film and SiC substrate is clean 
and sharp, meaning the absence of diffusion of the film elements towards the substrate. The 
atomic concentration of the elements before and after 30 minutes of ion sputtering is 
presented in Table 4.2.  
Elements Atomic % 
W 4f 26.4 
C 1s ------- 
Ti 2p 15.6 
O 1s 55.3 
Pt 4f 2.7 




Table 4.2: Atomic concentration of the elements in the as-deposited TiWO film on SiC  
 
 Sputtering time (min)  B.E. (eV) Atomic % 
0 35.8 12.7 W 4f 
30 Several oxidation states 27.1 
0 284.8 25.3 C 1s 
30 ---- --- 
0 458.8 6.2 Ti 2p 
30 458.9 8.1 
0 531.2 55.8 O 1s 
30 531.0 65.0 
 
 The XPS registered carbon before the ion sputtering is attributed to the atmosphere 
contamination when handling the sample. The chemical states of the two metals (Ti and W) 
have been investigated by the study of the values of the binding energy of the relative photo 
spectroscopy lines (4f and 2p). Before the ion sputtering, the obtained chemical states are 
WO3 and TiO2 and the ratio W/Ti is 2.05. The BE value of oxygen is typical of metal oxides 
compounds. The chemical composition of a TiWO thin film after heat treatment in air at 
650°C and exposure to different ambient atmospheres (shown in Figure 4.11 (b, c)) is 
presented in Table 4.3. Tungsten is present as W+6 and titanium is present as Ti+4 on the 
surface of the annealed sample. During sputtering, the depth profile for titanium remained in 
the Ti(+4) state, while the tungsten was reduced to a mixture of W(+6), W(+4) and W(0) 
states. This reduction of W is a well-known and undesirable effect of ion sputtering; however, 
we can not exclude the possibility that some part of reduced W species may really have been 
present in the volume of the film before sputtering. 
 
Table 4.3: Chemical composition of a TiWO thin film after heat treatment (annealed at 650°C for 
120 min) and exposure (tested) to different ambient atmospheres containing O2, H2 and C3H6. 
 
 Annealed Tested 
Elements B.E. Atomic % B.E Atomic % 
W 4f 35.4 eV 9.1 35.4 7.0 
Ti 2p 458.7 eV 15.1 458.8 12.5 
O1  530.1 eV 69.1 530.3 46.6 
O2 532.0 eV 6.7 -- -- 
C 1s -- -- 284.6 33.8 
 
 






Figure 4.11: XPS depth profile of Pt/TiWO/SiC samples in different conditions (a) as-deposited (b) 
annealed at 650°C for 120 min and (c) tested in temperatures up to 650°C and ambient of 20% O2, 








4.4 Rutherford Backscattering Spectrometry (RBS) 
 
RBS is a quantitative technique that involves elastic scattering of highly energized ions, 
usually He2+ alpha particles, to analyse the surface and the outer few micrometers of solids. 
These particles collide with a surface and by measuring the energy spectrum of the recoiled 
ions, information such as elemental composition, stoichiometry, film thickness and the 
sample’s depth distribution of elements can be measured.19,20 Also, quantitative 
measurements of crystal impurities can be obtained. It is an important tool for studying thin 
films, and in particular sensing layers, both prior and subsequent to interaction with an 
analyte.  
 
RBS is unique in that it allows quantification without the use of reference standards. 
RBS was performed utilizing a 2.91 MeV He2+ beam that was accelerated from a NEC Van de 
Graaff accelerator at a beam current of around 15nA..  The particle beams were focused and 
collimated to a diameter of 1 ~ 1.5 mm.  The scattered particles were detected at a scattering 
angle of 169° using a surface barrier detector with a solid angle of 1.1msr.  Each spectrum was 
accumulated for an incident charge of 20µC.  The energy resolution of the detector was 15keV 
(FWHM).  The RBS spectra were analysed and fitted using the RUMP code21 to determine the 
thickness and composition of the films.  
 
The RBS spectrum of a Pt/TiO2/SiC sample in different conditions is shown in Figure 
4.12. From the simulated RBS data, the thickness of Pt and TiO2 are found to be 
approximately 130 and 45nm, respectively. RUMP analysis indicated that the Ti to O ratio of 
these films is around 1:2.  The Pt/TiO2 interface in all three cases looks sharp with signs of 
minimal inter-diffusion. However the spectrum for the tested sample in Figure 4.12 (bottom) 
shows a small peak of some impurity element which could be attributed to diffusion of an 
impurity during exposure to analyte gases.  
 






Figure 4.12: RBS spectra of Pt/TiO2/SiC devices in different conditions (Top: as-deposited and 
simulated, Bottom: annealed and tested).  
 
 
SiC / TiO2 / Pt 
2.91 MeV He2+ 






In this chapter, the surface and interface properties of gas sensitive oxide layers 
employed in this study are presented. AFM and SEM were employed to examine the surface 
features (grain size and roughness) of Pt thin films, gas sensitive layers (In2O3, WO3 and 
SnO2) and Pt clusters as a catalytic layer. XPS and RBS were utilized to investigate the 
interface properties such as inter-diffusion. One of the significant contributions of this work 
is the comparison of samples in different condition (as deposited, annealed and tested). The 
key outcomes are summarised as follows:  
 
• The AFM scan showed uniform and compact Pt grain distribution with increasing film 
thickness along with a decrease in grain size.  The surface of the 30nm Pt thin film 
was porous and granular in structure whereas that of the 90nm thin film is compact 
with a smooth surface. The porosity and the grain geometry of the 30nm Pt thin film 
are believed to significantly affect the hydrogen sensing characteristics largely due to 
an increase in the surface area available for gas interaction. It is expected that the 
thinnest Pt layer will offer faster hydrogen diffusion and thereby a faster response to 
the gas (analysis shown in chapter 5).   
• The SEM revealed a uniform dispersion of the Pt grains over the entire TiO2 surface. 
The Pt catalytic layer is in the form of a thin discontinuous film (<5~8 nm in 
thickness) ideally in the form of clusters about 8~15 nm in diameter. Clusters of the 
orders of few nanometers assure high catalytic activity (more active sites for analyte 
gas interaction). The gas sensing performance of TiO2 sensor with and without a 
catalytic layer is compared in chapter 5. This clustering effect is expected to increase 
the sensitivity of the sensor by providing additional analyte gas adsorption sites.  
• The distribution of the chemical elements through the whole thickness of the MROSiC  
(Pt/CoOx/Sic) device was investigated by XPS depth profiling. The composition of 
CoOx is quite uniform in-depth. The interface between CoOx and SiC is neat in the 




depth profile without Pt, while the same interface is noticeably broader and reveals a 
partial diffusion between the layers in the Pt/CoOx/SiC structure.  
• A comparison of the Co 2p spectra at the Pt/CoOx interface and deeper, in the volume 
of oxide film revealed the atomic ratio O(oxide)/Co is equal to 1. This suggests that the 
Pt electrode top layer must inhibit the successive oxidation of cobalt, it is possible to 
affirm that the whole oxide film in the untreated MROSiC structure is composed of 
CoO. 
• The chemical composition of the sample in three different conditions (as-deposited, 
annealed and tested) is presented in Table 4.1. The elemental composition remains 
fairly constant in the sample. But an increase in the atomic % of C 1s in the tested 
sample could be attributed to surface contamination.  
• A clean interface at Pt/TiWO and TiWO/SiC was evident from the depth profile 
analysis shown in Figure 4.10, indicating the absence of inter-diffusion between 
layers. This feature is vital for the long term stability of the device. 
• A comparison of the XPS depth profile on the TiWO/SiC devices in different 
conditions (a) as deposited, (b) annealed in air and (c) tested sample exposed to 
different ambient atmospheres of O2, H2 and C3H6 (illustrated in Figure 4.11)  
exhibited a clean and sharp interface, meaning the absence of diffusion of the film 
elements towards the substrate. 
• The binding energy value of oxygen (530eV) is typical of metal oxide compounds. 
• The RBS spectrum of the Pt/TiO2/SiC sample in different conditions is shown in 
Figure 4.12. From the simulated RBS data, the thickness of Pt and TiO2 are found to 
be approximately 130 and 45nm, respectively.  
• The Pt/TiO2 interfaces in all three cases looks neat and sharp with signs of minimal 
inter-diffusion.  
The above summarised factors are pertinent in determining the oxide films’ suitability 
for gas sensing at high temperatures. The thickness of the characterised films Pt and the 
oxide layers were approximately 100 nm.   
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Chapter 5  
FIELD EFFECT SENSOR CHARACTERIZATION 
Gas Sensing Performance, Electrical Properties and Hydrogen Coverage 
 
In the previous chapter both XPS and RBS experiments showed no evidence of 
inter-diffusion occurring at the Pt/oxide and oxide/SiC interfaces, even at high 
temperatures (650°C).  This absence of inter-diffusion between different layers is 
critical for long term stability and increased sensitivity of such MOS field effect devices 
based on SiC.1 In this chapter the fabricated field effect SiC devices are evaluated based 
on their gas sensing performance, electrical properties and hydrogen coverage.  
 
This chapter is divided into five sections. The first section outlines the 
experimental setup and the gas calibration system. The second presents the gas sensing 
performance of MROSIC and MESFET devices to hydrogen and propene gases. The 
influence of the different gas sensitive layers employed on the response magnitudes, 
response and recovery time, and operating temperatures are discussed. Third section 
details the electrical properties of these SiC based field effect gas sensors.  I-V and C-V 




characteristics of MROSiC (Pt/reactive oxide/SiC), and transistor characteristics of the 
nZnO/pSiC, Pt gate MESFET are presented. Several parameters such as barrier height, 
saturation currents, pinch-off voltages and channel conductance were determined, and 
their influence on the device performance was studied. Fourth part examines the 
hydrogen surface coverage on the examined gas sensors. Following this investigation, 
fifth section provides a summary of the results presented and their inferences.  
 
5.1 Experimental Set-Up and Gas Calibration System 
 
To ensure the integrity of the gas sensing experiments, a fully automated multi-
channel gas calibration system was developed and installed together with a test 
chamber. This gas calibration set-up aided in obtaining reproducible and consistent 
results in a controlled environment. The multi-channel gas calibration setup was based 
on volumetric mixing of gases with 4 mass flow controllers (MFCs). Certified gas 
cylinders of high purity (99.999%) synthetic air (zero-air) and analyte gases (1% 
hydrogen and propene balanced in synthetic air) were purchased.2,3 By adjusting the 
flow rates on each of the MFCs, the analyte gases could be diluted or mixed in synthetic 
air, while maintaining a constant flow rate of 200sccm (unless otherwise specified). A 
schematic diagram of the complete multi-channel gas calibration system is shown in 
Figure 5.1.  
 
The test chamber comprises a Teflon block (30mm thick) and a fused quartz lid. 
The total chamber volume is approximately 175mm3. The sensor was mounted on a 
planar alumina micro-heater that could be operated at up to 700°C. The fused quartz 
lid was clamped to the Teflon base using a Viton O-ring to form an air-tight seal. The 
chamber was able to accommodate 4 sensors simultaneously, however this capability 




was not utilised in this work. A thin copper foil was used for the back contact of the 
sensor, while the Pt surface was contacted with a needle mechanical pressure contact as 
























For all experiments conducted, the flow rate was held constant at 200sccm.  
Hence for a total chamber volume of approximately 175 cm3, the time required to fill 
the chamber, under ideal conditions, was approximately 50 seconds. Prior to the 
commencement of experiments, the sensors were subjected to temperature and gas 
cycling (48 hour).  This essentially involved repeatedly ramping up the heater 
temperature then allowing it cool down, while at the same time pumping different gas 
concentrations into the chamber.  This process was carried out so that a stable baseline 
voltage could be obtained as well as to ensure repeatability and coherence in the 
recorded data.  The dynamic response was obtained by recording the change in the 
magnitude of the voltage required to keep a constant current while the hydrogen and 
propene concentration were being changed in appropriate steps. A HP 34410A Digital 
Multimeter was used to record the response in terms of change in voltage. Current-
voltage (I-V) measurements were performed with a Keithley 2602 source meter and a 
Tektronix 571 curve tracer. The devices were scanned for a selected set of bias voltages 
and the corresponding currents were noted. Capacitance-voltage (C-V) characteristics 
were measured using a HP 4192 LF Impedance Analyser.  
 
5.2 Gas Sensing Performance 
 
5.2.1 Metal Reactive Oxide Silicon Carbide (MROSiC): Pt/Reactive Oxide/SiC  
 
The responses of eight SiC based field effect devices, with different gas sensitive 
oxide layers, to 1% H2 gas when introduced into an ambient containing synthetic air are 
shown in Figure 5.3. The results shown are for devices having the same geometries 
(catalytic gate metal (Pt) electrode area, electrode thickness and oxide thickness) and 
biasing conditions. It is evident that the different oxide layers govern the sensor’s 
performances which include response magnitude, operational temperature, and the 




response and recovery time. The sensor utilizing a Pt catalysed TiO2 oxide layer shown 
in Figure 5.3 (f) was found to have the highest sensitivity. A voltage shift of 2.84V at 
250°C for 1%H2 gas was recorded. Its response and recovery when compared to 
Pt/TiO2/SiC (Figure 5.3 (b)) were 8 and 2 times faster.  
 
Figure 5.4 compares the voltage shifts of several SiC field effect devices, with 
different oxide layers, as a function of hydrogen gas concentration. The type of reactive 
oxide employed in the sensors, and their corresponding temperatures are indicated in 
the figure. The response magnitude strongly depends on the type of metal oxide 
utilized. A considerable difference in response magnitude between Pt/TiO2/SiC and 
Pt/Pt catalysed TiO2/SiC sensors can be observed. The only difference between the two 
is that in the latter a thin Pt layer essentially in the forms of clusters (5-8nm). The Pt 
catalysed TiO2 sensor show approximately 4-5 times more sensitivity when compared 
to the pure TiO2 counterpart. These clusters create small reaction sites that increase the 
rate of polarization, and thus enhancing the amount of diffusing atomic hydrogen. 
 
The enhanced sensitivity of the Pt/Pt catalysed TiO2/SiC sensor is ascribed to the 
increased interaction due to the presence of the additional Pt clusters on the TiO2 thin 
film surface. Adsorption of the analyte gas takes place not only at the surface of the Pt 
clusters but also at the interface between the Pt cluster and TiO2 thin film. At the 
interface an electron-depleted space charge layer is formed inside TiO2. Thus when 
exposed to hydrogen, the depletion layer is relaxed, by the injection of electrons in to 
the TiO2 conduction band. Such a system is analogous to the Au-WO3 system wherein 
the role of Au was to create active sites for oxygen adsorption, thus making the sensor 
more susceptible to NH3 as proposed by Yamazoe et al.4  
 






Figure 5.3 Response of different SiC based field effect sensors towards 1% H2 in an ambient 

















Figure 5.4 The voltage shift (∆V) measured from different sensors as a function of H2 gas 
concentration 
 
The response magnitude (voltage shift, ∆V) measured for the Pt/Pt catalysed 
TiO2/SiC sensor for different hydrogen gas concentration as a function of temperature 
is shown in Figure 5.5 (a). The magnitude gradually rises with increasing temperature, 
reaches a maximum at 250°C and becomes smaller for any further increase in 
temperature. This sequence is followed for all the gas concentrations (0.06, 0.125, 0.25, 
0.5 and 1%) tested. Voltage shifts of 0.97, 1.75 and 2.79V for 0.06, 0.25 and 1% 
respectively were recorded. The relationship between the hydrogen gas concentration 
and voltage shift shown in Figure 5.5 (b) follows a Langmuir based adsorption.  
 
Figure 5.6 shows the response sequence of Pt/Pt catalysed TiO2/SiC sensor at 
different temperatures of 200, 250, 310 and 370°C. Although the highest response 
magnitude was obtained at 250°C, poor base line stability was observed. Since stability 
is a key component for a gas sensor, the response at 310°C was considered. As 
mentioned, the poor base line stability can be observed in Figure 5.6 (a) and (b) for 200 




and 250°C, respectively. However, at 370°C response saturation was observed and the 
magnitude decreased drastically. Voltage shifts of 0.09, 0.3 and 0.85V for 0.06, 0.25 
and 1% H2 were recorded compared with 0.48, 1.02 and 2.07V at 310°C 
 
 
Figure 5.5 (a) Temperature dependence of the response of a Pt/Pt catalysed TiO2/SiC sensor to 









Figure 5.6: Dynamic response of the Pt/Pt catalysed TiO2/SiC sensor to different H2 gas 
concentration recorded at 4 different temperatures (note: the Y-axis is different). 
 
The response-recovery characteristics of four SiC based field effect devices with 
different gas sensitive oxide layers to 1% C3H6 gas when introduced into an ambient 
containing synthetic air are shown in Figure 5.7. The sensors tested towards 
hydrocarbon have the same geometries and biasing conditions. The dependence of the 
sensors performance on the oxide layer employed is evident as in the case observed for 
1% H2 gas. Devices with MoO3, SnO2, In2O3 and WO3 oxide layers showed relatively 
small sensitivities (<100mV) to propene. The Pt/Pt catalysed TiO2/SiC sensor 
exhibited the largest sensitivity of approximately 3.12V for 1% C3H6 in synthetic air at 
420°C. Not only did the response magnitude increase by 4 times when compared with 
the Pt/TiO2/SiC device, also the operational temperature was reduced by 
approximately 110°C. Voltage shifts of 0.75, 2.5 and 2.4V for sensors with TiO2, CoOx 











Figure 5.7: Response of different SiC based field effect sensors towards 1% H2 in an ambient 
containing synthetic air. The constant bias current was 0.5mA. 
 
Figure 5.8 shows the relationship between propene gas concentration and voltage 
response for SiC based field effect devices. The responses were measured when various 
propene gas concentrations were introduced into an ambient containing synthetic air. 
A marked difference in response is immediately observed between devices employing 
pure TiO2 (Pt/TiO2/SiC) and TiO2 catalysed with Pt clusters (Pt/Pt catalysed TiO2/SiC) 
with the latter exhibiting a five fold increase.  
 
In Figure 5.9 (a) the response saturation occurring on the surface of the sensor 
when exposed to propene is shown. At 310°C the surface is completely saturated even 









saturation occurs only for concentrations above 0.5%. As mentioned previously the 
largest sensitivity was observed at 420°C and the response curves recorded for the 
Pt/Pt catalysed TiO2/SiC devices towards propene gas are shown in Figure 5.9 (b). The 
sensors exhibit excellent response and recovery. A logarithmic increase in response and 
saturation at higher concentrations above 0.5% can be observed.   
 
 
Figure 5.8: Concentration vs. voltage shift for SiC based field effect devices (similar geometries, 
but comprising different oxide layers) to propene in synthetic air. 
 
Figure 5.10 compares the Pt/Pt catalysed TiO2/SiC sensor sensitivity towards H2 
and C3H6 at 420°C. Propene sensitivity is approximately 3~4 times higher when 
compared to hydrogen at all tested concentrations. The author attributes this increased 
sensitivity of propene to the increased rate of dehydrogenation, meaning more H atoms 
are available for diffusion to the interface. Arbab et al. suggested that the sensitivity 
increases with increasing size of the hydrocarbons, which means the saturation limit for 
propene (C3H6) should be larger than that for hydrogen (H2).5 The hydrocarbon 




sensitivity of these devices can be ascribed to hydrogen generated as an intermediated 
in its Pt catalysed oxidation.6,7  
 
 
Figure 5.9: (a) voltage shift as a function of propene gas concentration and (b) response curves 
of the Pt/Pt catalysed TiO2/SiC sensor exposed to C3H6 gas in air. The device outputs a voltage 








In addition the sensitivity of the Pt catalysed TiO2 sensors was found to be 
superior when compared to TiO2 catalysed with Pd. The voltage shifts for three 
hydrogen gas concentrations at 250°C are shown in Table 5. 1. This superior sensitivity 
could be due to the more stable oxide formation with Pt than with Pd, in addition to a 
higher oxygen affinity towards Pt  (∆Hf° per mol of O is equal to (0 to 50) kJ/mol for 
PtO2 and (-50 to 100)kJ/mol for PdO).8   
 
Figure 5.10: Comparison of the sensitivities recorded for the Pt/Pt catalysed TiO2/SiC sensor at 
420°C when exposed to different concentration of H2 and C3H6 gases. 
 
 
Table 5. 1: Sensitivity of the MROSiC sensors with Pt or Pd catalytic layer. 
 
H2 gas concentration (%) Pt catalysed TiO2 (V) Pd catalysed TiO2 (V) 
0.125 1.27 0.27 
0.25 1.75 0.38 
0.5 2.26 0.67 
 
 




Large voltage shifts of approximately 4.2 and 2.1V were recorded for devices with 
TiO2 and MoO3 gas sensitive layers and are shown in Figure 5.11. This shift was observed 
when the ambient was switched or changed from 1%H2 in N2 to 1%O2 in N2. 
Comparatively smaller voltage shifts of 0.45 and 0.27V respectively were observed for 
the TiO2 and MoO3 devices when 1%H2 was introduced into an ambient containing 
synthetic air. The exposure time was fixed to be 6 minutes. The introduction of H2 gas 
in N2 or synthetic air caused the voltage to decrease rapidly until it reached saturation. 
After the H2 gas was turned off, the recovery was found to be slow in the ambient 
containing nitrogen. The recovery was found to be approximately 32 minutes for both 
the sensors in N2.  Whereas in synthetic air, the recovery was 4 and 6 minutes for TiO2 
and MoO3 sensors, respectively. This indicates that the reaction kinetics in the recovery 
process is dependent on the ambient environment. In N2 ambient the formation of H2 
from adsorbed H is slow. However with the presence of O2, desorption takes place 
quickly due to the additional process of water formation.  
 
Figure 5.11: response curves of the Pt/TiO2/SiC sensor to two different ambient atmospheres:  
(1) 1%H2 in N2 - 1%O2 in N2 and (2) 1%H2 in synthetic air - Synthetic air. A constant current bias 
of 0.5mA was applied with a flow rate of 0.2l/min.  (Insert : response curve for the Pt/MoO3/SiC 
sensor for the same conditions). 
 








Figure 5.12: (Top) MESFET response ∆VDS = f(t) when gases were switched from 4% H2 in N2 to 
4% O2 in N2. (Bottom) Response measured for the same condition, but between the gate and 
source (VGS) 
 




The dynamic response of the nZnO/pSiC, Pt gate MESFET at 300ºC measured 
between VDS and VGS are shown in Figure 5.12. At a constant current of 5µA, and with a 
fixed response and recovery time, the ambient was changed from 4% O2 in N2 to 4% H2 
in N2. The voltage shift observed for the change in ambient, measured between the 
source and drain was approximately 8.12V and that measured between the gate and 
source was 1.56V.  This indicates that the decrease in the electric potential of the gate in 
H2 ambient is amplified and leads to a large decrease in the potential of the drain. After 
exposure to the H2 ambient, the adsorbed hydrogen is not readily removed from the Pt 
gate electrode. However exposure to an O2 ambient leads to a change in voltage level 
and its return to base line. This indicates that the coexistence of oxygen is 
indispensable for this device. The coexistence dependence for a planar structured FET 
based on Si with a VDS of approximately 2.3V for a change in ambient from 2% O2 to 
2%H2 in N2 has been reported.9  
 
5.3 Electrical Properties 
 
5.3.1 MROSiC: Pt/Reactive Oxide/SiC (I-V and C-V characteristics) 
 
Figure 5.13 shows the reactants and products on the surface of a typical SiC based 
MOS gas sensor. Also illustrated in the figure is the energy relationship of the device at 
the flat band condition (the voltage which when applied to the gate electrode results in 
a flat energy band in the semiconductor), with the Fermi energy levels in the metal and 
semiconductor aligned, in ambient atmospheres containing hydrogen and oxygen. 
However, the decreased barrier height is observed in the ambient containing hydrogen. 
The decreased barrier height translates into a lateral shift in the I-V and C-V 
characteristics of the sensor. This is exemplified in Figure 5.14, in which the I-V 




characteristics of the Pt/Pt catalysed TiO2/SiC device show a consistent lateral shift 
towards lower voltages when exposed to different hydrogen gas concentrations. Also 
evident in this figure is that the shapes of the I-V characteristics appear to change with 




Figure 5.13. Changes in barrier height at flat-band (zero-bias) condition. 
 
Based on the thermionic field emission conduction mechanism of the Schottky 
diodes, for forward bias voltages greater than 3kT/q, the current through the diode is 
given by 10: 
)/exp( nkTqVII sat=    (5. 1)
where n is the ideality factor, and Isat is the saturation current defined as: 
)/exp(2** kTqTSAI bsat φ−=    (5. 2)
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where S is the area of the contact (cm2), A** is the effective Richardson’s constant (Acm-
2K-2) and φb is the barrier height (eV).  The saturation current was obtained by 
extrapolating the linear portion of the I–V curve (Figure 5.14) plotted on a semi-




Figure 5.14:  Current-voltage (I-V) characteristics of the Pt/Pt catalysed TiO2/SiC sensor at 
250°C when exposed to different hydrogen gas concentrations in synthetic air.  
 
The dependence of the effective change in barrier height (at the metal-oxide 
interface) on the H2 gas concentration is shown in Figure 5.15. Each data point was 
derived from the I-V characteristics using Equation (5.2).  A gradual increase in the 
effective change in the barrier height is observed with saturation occurring at H2 gas 
concentration above o.5%. This indicates a reduction in the metal-oxide interface 
barrier height. This saturation arises when the energy bands at the interface have been 
completely flattened. The resulting barrier height in the flat band condition is therefore 
understood as the difference in the semiconductor work function and electron affinity, 




in the absence of surface states. The ∆φb value at which complete flattening (saturation) 
occurs was found to be 130meV. When the sensor was exposed to 1% H2 the barrier 




Figure 5.15: Relation between the effective change in the barrier height (∆φb) and the H2 gas 
concentration 
 
Nakagomi et al. proposed that the change in voltage was a result of the change in 
barrier height, as well as the change in series resistance of the oxide layer. 
Consequently the equations governing the current conduction through the device can 
be modified. The change in the devices series resistance with increasing hydrogen 
concentration is translated to the shape of the I-V curves. Upon exposure to the analyte 
gas, the change in voltage, ∆V, at a constant bias current, Ibias, can be described by 11: 
Sb RInV ∆+∆=∆ biasφ    (5. 3)
where n is the ideality factor,  bφ∆  and SR∆  are the effective change in barrier height 
and the series resistance due to the oxide layer.  




If the series resistance of the device is independent of the introduced gas 
concentration, then ∆V in the exponential region of I-V characteristics remains close to 
constant for any given bias current. However, when the series resistance depends on 
the ambient gas, ∆Rs is positive and ∆V will increase as the forward bias current 
increases, as illustrated in Figure 5.16.  The effect of series resistance was also observed 
by Hunter et al. during performance comparisons between Pd/SnO2/SiC and Pd/SiC 
Schottky diode based gas sensors1, They found Pd/SnO2/SiC diodes exhibited shunt 
resistance at potentials below 1V. At voltages above 1V, their measured data showed 
exponential Schottky behaviour at first, with series resistance increasing and beginning 
to dominate at the high end of the voltage range.  
 
Figure 5.17 shows the change in barrier height, ∆φb, for SiC based field effect 
devices with different oxide layers at different operating temperatures. Strong 
dependence on the ambient gas concentration was also confirmed in12,13, where 
increasing the H2 gas concentration is accompanied by an increase in the effective 




Figure 5.16. Shifts in the I-V characteristics when changes in series resistance are negligible 



















Figure 5.17. Change in barrier height, ∆φb, for SiC based field effect devices with different oxide 
layers as a function of temperature. 
 
Figure 5.18 shows the experimental profile of the 1MHz small signal C-V 
measurements carried out in air and propene at different temperatures as a function of 
dc gate voltage. The flat band voltage which occurs at the inflection point of the C-V 
characteristic (indicated by the dashed vertical line at zero bias condition), is changed 
by charge in the oxide or at the interface. Three regimes are evident in the figure: (1) 
inversion: holes aggregate at the surface of semiconductor; (2) depletion: the 
semiconductor surface is devoid of charges; (3) accumulation: electrons accumulate at 
the semiconductor surface. The dc bias voltage was swept from accumulation to 
inversion at a rate of 20mV/s, and a small (10mV, 1MHz) ac signal was superimposed 
over the dc bias. A lateral shift towards lower voltages is observed in the propene gas 
ambient, indicating the adsorption of positive (H+) ions.  At both temperatures the 
shape of the curve in the depletion region for the propene gas ambient is changed.  The 
change in the flat band voltage (∆Vfb) at a capacitance of 175pF for 1% C3H6 in air at 310 
and 420°C was found to be 0.97 and 2.11V, respectively. This flat band voltage shift 




could be due to the atomic hydrogen (H+) in the ambient decreasing the minority 
carriers generation rate at the semiconductor surface (oxide/SiC interface) in 
comparison with oxygen, meaning that the polarised hydrogen atoms interact at the 
semiconductor surface.7 In addition the shape of the curve is influenced by the density 
of states at the oxide-semiconductor interface as illustrated by Tobias et al. for a 
insulator semiconductor interface (Pt/SiO2/SiC).14 This change in shape of the C-V 




Figure 5.18. 1MHz C-V characteristics for the Pt/Pt catalysed TiO2/SiC sensor to 1% C3H6 in air 
at 310 and 420°C.  The (1) inversion, (2) depletion, and (3) accumulation regimes are indicated. 
 
 
5.3.2 MESFET: nZnO/pSiC, Pt Gate (output and transfer characteristics) 
 
The source-drain current-voltage (ID-VDS) curves obtained at room temperature 
between the source and drain are shown in Figure 5.19. The currents in both the O2 and 
H2 ambient atmospheres increase linearly and then begin to saturate with increasing 
voltages. This saturation behaviour is similar to that exhibited by MESFETs, also called 
1 2 3




Schottky barrier gate field effect transistor 15-17. The interaction of the ambient gas with 
the Pt gate electrode causes a change in the floating gate potential. This gate potential 
influences the width of the depletion region, modulating the conductance of the 
channel.  
 
Figure 5.19: Source-drain current-voltage (ID-VSD) characteristics for a n-ZnO/p-SiC, Pt gate 
MESFET in O2 and H2 ambient at 25 °C 
 
The pinch-off voltage (Vp) is defined as the drain voltage at which saturation 
occurs, the depletion region extending over the entire thickness of the channel and is 








  (5. 4)
where q is the charge (1.602 x 10-19 C), ND is the donor concentration, usually 
equal to electron carrier concentration (cm-3), a is the thickness of the channel (µm), 
oε  is the permittivity of vacuum (8.854 × 10-14 F/cm) and rε  is the dielectric constant 
of the semiconductor.  




From Figure 5.19, Vp in O2 and H2 ambient atmospheres were found to be 
approximately 2.7 and 3.5V, respectively. The corresponding maximum saturation 
currents (IDsat) at pinch-off were estimated to be 3.9 and 4.95nA. The Vp and IDsat 
increased when the ambient was changed from O2 to H2, indicating an increase in the 
conductance of the channel, resulting from the decrease in the width of the depletion 
region.   
 
A series of output characteristics (ID-VDS), with increasing H2 gas concentration as 
the variable parameter (equivalent to gate bias voltage VG in conventional MESFETS) 
as a function of temperature is shown in Figure 5.20. The drain current follows the H2 
gas concentration. At 300°C, the opening of the channel is evident as the current 
increases linearly for H2 concentration above 0.1%.   
 
The √ID-H2 concentration transfer characteristics at VDS=1V for different 
temperatures are shown in Figure 5. 21. The hydrogen gas concentration is the MESFET 
control parameter (analogous to gate voltage, VGS in conventional MESFETs). ID has a 
linear relation with the square of the concentration, indicating the fabricated MESFET 
behaves in accordance with the standard theory for MESFETs. The threshold 
concentration (CTH) above which the MESFET is turned-on is found from the slope of 
the curve. The CTH at 300°C was found to be approximately 0.035%. The channel was 
“off or closed” until the concentration of H2 gas exposed increased beyond 0.035%, 
after which the channel conductance followed the increasing gas concentration. Ideally 
at 0% hydrogen (equivalent to VGS=0) the current flow must be zero. The small current 
flow is attributed to the presence of O2 and its interaction with the Pt gate electrode as 
the measurements are made against a 1% O2 in N2 background.  
 






Figure 5.20: Current-voltage characteristics for the surface barrier gate device (n-ZnO/p-SiC, Pt 
gate MESFET) as a function of H2 gas concentration at (Top) 100, (Middle) 200 and (Bottom) 
300°C. The saturation property of the device is controlled by the H2 gas concentration seen by 
the floating Pt gate electrode.  






Figure 5. 21: ID as a function of H2 concentration of the n-ZnO/p-SiC, Pt gate MESFET at 
VDS=1V (in conventional MESFETS the transfer characteristic is a plot between √ID and VGS. The 
author here is equating the hydrogen gas concentration to the gate bias voltage applied on the 
floating Pt gate) 
 
The MESFET parameters (pinch off voltage (Vp), drain saturation current (IDsat) 
and channel conductance (gc)) dependence on the hydrogen gas concentration at 300°C 
is shown in Figure 5.22. Vp tends to increase linearly for concentration up to 0.035% 
and an exponential increase occurs there after until the channel is completely “opened 
or on”. This observation coincides with the transfer characteristics, since after the 
threshold concentration of 0.035%, the channel conductance increases rapidly. The 
IDsat and gc shows an exponentially dependence on the hydrogen gas concentration 
suggesting that the channel is completely “open or on” at concentration exceeding 0.1% 
H2 and begins to behave as a resistor. For 0.05% hydrogen in argon, Vp, IDsat and gc were 
found to be 2.2V, 0.2µA and 0.3µS respectively.    The inserted dotted line illustrates 
that the gc and IDsat follow and have a quadratic relation with the gas concentration 
which is the devices’ controlling parameter. In addition the variation of the depletion 




width, conducting channel and the channel barrier will be discussed in the next chapter 




Figure 5.22 Normalised dc n-ZnO/p-SiC Pt-gate MESFET parameters calculated from the  
ISD-VD characteristics when operated at 300°C. 
 
5.4 Hydrogen Coverage 
 
The hydrogen response for MOS devices has been derived from the Langmuir 
adsorption isotherm equation, which relates the changes in threshold voltage to the gas 
concentration 18-20. If the number of adsorption sites is Ni, and the number of occupied 
adsorption sites is ni, then the fractional hydrogen coverage, θ, is given by 18,21: 
ii Nn=θ    (5. 5)
Under steady-state condition, the coverage of adsorbed hydrogen ions on a surface 
according to reaction kinetics can be represented as22: 









  (5. 6)
where ko is the equilibrium constant of gas adsorption, and 
2HC is the H2 concentration 
(ppm). The change in voltage induced by hydrogen adsorption is proportional to the 
surface coverage23-27: 
θmaxVV ∆=∆    (5. 7)
where ∆V is the change in voltage subject to the introduced gas (H2), and ∆Vmax 
represents the maximum shift in voltage for fully saturated adsorption sites. Thus, 
substituting (5.6) into (5.5) the voltage shift, ∆V, caused by adsorption of hydrogen 









  (5. 8)
 
A plot of 1/∆V vs. 
2
/1 HC  should be linear, provided the adsorption kinetics 
follows the Langmuir-type isotherm. Such a plot for the Pt/Pt catalysed TiO2/SiC 
sensor at 250°C is illustrated in Figure 5.23, showing a linear relationship. The y-
intercept yields ∆Vmax and the value of ko is calculated from the slope. 
 
Using the experimental data of Figure 5.5 (b), the plot of Eq. (5.7) shows that 
there is excellent agreement between theory and experiment. The reaction kinetics 
studied for a Pt/WO3/SiC sensor to low concentrations of hydrogen (0-100ppm) 12 were 
also found to be governed by the Langmuir-type isotherm. However, the regression line 
does not pass through zero, which might suggest a case of hydrogen consumption either 
by the ambient oxygen forming water or the diffusion in the Pt layer formation of 
Platinum–hydrogen complexes.  
 




The hydrogen coverage ratio as a function of hydrogen partial pressure for four 
SiC based MROSiC sensors with different reactive oxide gas sensitive layers are 
compared in Figure 5.24. The experimental data points obtained from the response 
characteristics exhibit good linearity indicating a Langmuir based adsorption. However 
the curves have different ko and ∆Vmax values.  
 
 
Figure 5.23: Steady state reaction kinetics of hydrogen adsorption on a 
Pt/Pt catalysed TiO2/SiC sensor at 250°C 
 
The different ∆Vmax values are related to the number of adsorption sites available, 
which in turn is dependent on the defects. Additionally the change in slope yielding 
different ko values indicate the catalytic reaction parameters of the outer platinum 
surface are different for the different samples. This can be understood from the fact 
that the microstructure of Pt thin films depend on surface properties of the substrate 
(gas sensitive oxide layer). Dobos et al.28 indicated the dependence of ko on different 
insulators (Pd/insulator/Si) with small values of ∆Vmax (<1V).  The Pt/Pt catalysed 
TiO2/SiC device showed the largest coverage ratio of 0.66 among the compared devices.  






Figure 5.24: Plot of θ/(1-θ) vs. √(hydrogen partial pressure) for different MROSIC sensors. θ is 
the fractional coverage of hydrogen ions at the Pt/reactive oxide interface. 
 
 
The coverage ratio of Pt/In2O3/SiC sensors with different Pt electrode thickness 
as a function of hydrogen partial pressure at 530ºC is shown in Figure 5.25.  A linear 
relationship between coverage ratio and the root of hydrogen partial pressure is clearly 
evident, thus illustrating a Langmuir-type adsorption of hydrogen gas.  
 
The coverage ratio was calculated from the voltage shift caused by a change in 
hydrogen concentration. Maximum coverage of 0.59 and the faster reaction kinetics, 
ko=4.4%-0.5 were obtained for the device with the thinnest Pt electrode (30nm). This 
dependence of coverage ratio on the Pt thin film thickness indicates the importance of 
the microstructural properties of the Pt gate electrode.    
 
Both ∆Vmax and ko are dependent on the device structure (either on the gas 
sensitive layer or Pt gate electrode thickness as demonstrated) as shown in Figure 5.24 




and Figure 5.25. ko dispersion is relatively small when compared to that of ∆Vmax 
(significantly large variation dependent on the device structure). ∆Vmax is considered as 
a sensitivity factor for the dipole formation by hydrogen adsorption on the Pt which 
depends on the surface and interface properties. This coverage ratio dependence on 
thickness of the Pt thin film is true in the case of the Pt/Pt catalysed TiO2/SiC, as an 
additional catalytic layer (less than 5-8nm) in the form of clusters increases the 
reaction kinetics and thus the large sensitivity to hydrogen and hydrocarbon when 
compared to the non catalysed Pt/ TiO2/SiC  sensor. The surface coverage is directly 
related to the sensor response. As the H2 concentration increases, equilibrium arises in 
terms of the adsorption/desorption rate because the number of free absorption sites is 
reduced. This is due to the increased hydrogen coverage on the sensors surface, and 
leads to response saturation. 
 
 
Figure 5.25: The relationship between coverage ratio and the hydrogen partial pressure for 
Pt/In2O3/SiC sensors with different Pt layer thickness. 
 
 






The fabricated MROSIC (Pt/Reactive Oxide/SiC) and nZnO/pSiC, Pt gate 
MESFET structures based field effect devices have been investigated for their hydrogen 
and hydrocarbon gas sensing performance. Their electrical properties (I-V, C-V, ID-VDS 
and √ID –H2 gas concentration) and hydrogen coverage has been analysed and studied. 
These characteristics are in agreement with those of ideal MOS devices. The results are 
summarised as follows:  
 
• Several Pt/reactive oxide/SiC based structures were characterised for the 
hydrogen and hydrocarbon gas sensing performance of which  
Pt/Pt catalysed TiO2/SiC sensor was found to have the largest sensitivity. 
• To the best of the Author’s knowledge, Pt/MoO3/SiC, Pt/CoOx/SiC, 
Pt/TiWO/SiC, Pt/Pt catalysed TiO2/SiC and Pt/Pd catalysed TiO2/SiC reported 
here are the first device structures of their kind. Devices with SnO229, CeO230, 
WO312, TiOx11, Ga2O313 and ZnO31 have been reported previously.  
• A voltage shift of 2.84V at 250°C for 1%H2 gas was recorded for the  
Pt/Pt catalysed TiO2/SiC sensors. Additionally a 3.12V shift for 1% C3H6 in 
synthetic air at 420°C was recorded. Such a large voltage shift in an ambient 
containing synthetic air has not been reported previously.   
• Propene sensitivity was found to be higher when compared to hydrogen (Figure 
5.10). The author attributes this increased sensitivity of propene to the 
increased rate of dehydrogenation, meaning more H+ atoms are available for 
diffusion to the interface.  
• I-V characteristics of the Pt/Pt catalysed TiO2/SiC sensors exhibit not only a 
parallel shift but also a lateral one. This indicates the influence of the series 




resistance due to the presence of the reactive oxide. This is in consistent with 
those in literature on MIS devices.12,30 
• Novel nZnO/pSiC, Pt Gate metal semiconductor field effect transistors 
(MESFET) were developed and fabricated for the first time to the best of the 
author’s knowledge. Concentration of hydrogen gas as low as 0.01% was 
measured.  
• For the gas sensitive MESFET, the voltage shift (∆VDS) observed for the change 
in atmospheres from 4% O2 in N2 to 4% H2 in N2, was approximately 8.12 V and 
that between the gate and source was 1.56V.  This indicates that a decrease in 
the electric potential of the gate in H2 ambient is amplified and leads to a large 
decrease in the potential of the drain 
• The H2 gas concentration was found to be the MESFET control parameter 
(same as gate voltage, VGS in conventional MESFETS), from the √ID Vs H2 
concentration plot.   
• The saturation behaviour of the gas sensitive MESFET is similar to that 
exhibited by conventional enhancement mode MESFETs.10 The interaction of 
the ambient gas with the Pt gate electrode causes a change in the floating gate 
potential. This gate potential influences the width of the depletion region, 
modulating the conductance of the channel.  
• The threshold H2 gas concentration (CTH) at 300°C was found to be 0.04%, 
above which the MESFET is turned on.  
• The hydrogen coverage ratio as a function of hydrogen partial pressure for 
different SiC based field effect devices show that they follow Langmuir type 
adsorption. 
The findings in this chapter form the basis for the proposed gas interaction mechanism 
detailed in chapter 6.  
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Chapter 6  
GAS INTERACTION MECHANISM 
 
In the previous chapter, the gas sensing performance of the author’s novel SiC based 
field effect devices were presented, highlighting their capabilities for large voltage shift and 
fast response at high temperatures.  It is imperative to investigate and determine their gas 
interaction mechanism. Although the gas sensing mechanism of MOS device has been 
attributed to the lowering of the barrier height either by the formation of a electrically 
polarized dipole layer at the metal/oxide interface1,2 or decrease in the effective work-
function of metal3,4 or hydrogen-induced interface states5-8, yet despite extensive studies, 
there are other phenomena responsible that have been not fully accounted for. This was 
achieved by analysing the gas sensing performance, I-V, C-V and hydrogen coverage 
characteristics of these sensors subject to changes in gas concentration and temperature. It is 
through this comprehensive analysis of these characteristics, that the function of a MOS type 
device (which includes MROSiC and MESFET devices) can be understood. The author will 
discuss the response mechanism, and present his own, based on his results. 
 
The presence or absence of the analyte gases (H2 and C3H6) affects the fundamental 
characteristic of the device, from which parameters such as barrier height, ideality factor, 




saturation current and conductance are extracted. It is the interpretation of these results that 
will make it possible to help determine and explain the gas interaction mechanism.  For 
MROSiC Schottky (Pt/Pt catalysed TiO2/SiC) based sensor, the thin Pt catalytic layer in the 
form of clusters on TiO2 creates additional reaction sites for hydrogen interaction. In the 
MESFET (nZnO/pSiC, Pt gate) transistor structure, there exists a channel barrier between 
the source and channel influencing the flow of drain current. To validate the author’s 
proposed gas interaction mechanism, all the facts discussed thus far and the mechanisms 
reported in previous studies on MOS sensors have been taken into account.  
 
The chapter is divided into three sections. In the Section 6.1 a description for the 
hydrogen interaction with the Pt/Pt catalysed TiO2/SiC (MROSiC) sensor developed by the 
author is presented. Section 6.2 outlines the details of the authors’ proposed gas interaction 
mechanism for the nZnO/pSiC, Pt gate metal semiconductor field effect transistor (MESFET) 
structure. The obtained results presented in Chapter 5 are then correlated to the proposed 
gas interaction mechanism using energy band diagrams. To the best of the author’s 
knowledge this study is the first of its kind on gas sensitive MESFET structure. The chapter 
concludes with a summary in Section 6.3. 
 
6.1 MROSiC: Pt/Reactive Oxide/SiC  
 
6.1.1 Hydrogen and Oxygen Adsorption 
 
The hydrogen gas sensing mechanism of the Si based devices originally investigated by 
Lundstrom9 and co-workers was attributed to hydrogen atoms that diffuse to the metal-oxide 
interface, where they form an electrically polarized layer. These interfacial hydrogen atoms 
decrease the barrier height, causing a voltage drop across the forward biased device, which is 
seen as a voltage shift in the I-V or C-V characteristics of a MOS device. The kinetics of 
hydrogen adsorption on Pd/SiO2/Si devices were later investigated by Petersson et al.10, who 




found the steady state response showed a logarithmic dependence on hydrogen partial 
pressure following Langmuir adsorption. Later Fogelberg et al.11 suggested interfacial 
hydrogen atoms are strongly polarized with the enthalpy of the hydrogen adsorption 
following Temkim isotherm. Hence it is the hydrogen polarization at the metal-oxide 
interface, and not a large concentration of adsorbed hydrogen atoms, which accounts for the 
high sensitivity of a Pd-MOS hydrogen sensor (Figure 6.1). Also hydrogen spillover12,13, 
playing an important role where the metal gate is discontinuous. These effects has also been 
investigated and explained for SiC based devices14.  
 
The response of SiC based MOS devices has also been attributed to a reversible effect of 
hydrogen annealing on the inversion capacitance15. In the absence of hydrogen, the inversion 
capacitance of Pt/SiO2/SiC sensor increases due to the generation of minority carriers either 
at the oxide/SiC interface, or at the surface of the SiC near the oxide/semiconductor 
interface. Carrier generation was ascribed to the high temperature formation of complexes 
with hydrogen atoms and defect species on the catalytic metal surface.  
 
The hydrogen and hydrocarbon response strongly depends on the presence of oxygen in 
the ambient. In an oxidizing environment, adsorbed hydrogen will react with the adsorbed 
oxygen to produce water, according to16-18: 
H2, gas 2H adsorbed (6. 1)
O2, gas +  2Hadsorbed 2OH adsorbed (6. 2)
2OHadsorbed  +  2Hadsorbed H2O (6. 3)
 
The increased oxygen content of the atmosphere raises the baseline voltage, attributed 
to the oxide’s decreased conductivity. The oxide’s surface has an increased number of active 
oxygen sites, which increases the number of sites at which chemisorption can occur between 
the surface and the gas. It is well known that surfaces of metal oxides such as TiO2, Ga2O3, 
and WO3 etc. can react with oxygen and hydrogen gases, and these reactions may also 




contribute to the field effect sensor’s overall response. e.g. the reduction of a metal oxide thin 
film (MOy) as a result of exposure to hydrogen16:  





Figure 6.1: Illustration of induced voltage shifts arising from adsorbed hydrogen atoms 
diffusing to the metal–oxide interface and resulting in a polarization potential. 
 
According to the hydrogen spill over mechanism13, hydrogen molecules dissociate into 
atomic species on the catalytic metal surface and are transported onto the areas of the oxide 
not covered by the metal, where they then become adsorbed. Thus in an oxygen rich ambient, 
oxygen ions which are adsorbed on the metal oxide thin film surface and can react with the 
spilt over hydrogen ions, once again producing water plus an electron and thereby increasing 
the electrical conductivity of the layer. 
 
The presence of oxygen in the ambient also facilitates the recovery of the sensor 
response to the baseline value, as it provides a means for rapid desorption of hydrogen atoms 
via the formation of water. Without oxygen in the ambient, recovery to the baseline value 
takes place through the following reaction16,18: 



































During sensing experiments the kinetics of this reaction are found to be slower than the 
water forming reactions. In a non-oxidizing atmosphere, the following surface reactions can 
be considered. Hydrogen is adsorbed on the catalytic metal as atomic hydrogen, and is in 
equilibrium with the bulk hydrogen, which is in equilibrium with hydrogen at the metal-
oxide interface16,18: 
H2, gas 2H adsorbed (6. 6)
H adsorbed H bulk + H interface (6. 7)
H2, adsorbed 2H surface atoms, adsorbed (6. 8)
 
6.1.2 Role of Interface States 
 
The role played by interface states in the gas sensing mechanism of SiC based field 
effect devices has been the subject of recent investigation19-24. Keramati and Zemel7,8 reported 
that hydrogen-induced interface states changed the electrical characteristics of the 
Pd/SiO2/Si devices, and the importance of interface states in hydrogen sensing by Si based 
MOS devices was also reported in5,6,25-27. 
 
C-V measurements are a widely accepted means of analyzing interface states and 
determining parameters such as interface carrier density, Fermi level, flatband voltage and 
threshold voltage. The relationship between  1/C2 and the bias voltage (V) is given by28,29: 





where oε  is the permittivity of vacuum (8.854 × 10-14 F/cm), rε  is the dielectric constant of 
SiC under vacuum (10.03), S  is the electrode area (cm2), q  is the electron charge 
(1.602 × 10-19 C), dN  is the donor density (cm-3) and biV  is the built in potential (V). 
 




For a MOS device with catalytic metal and native oxide the 1/C2-V characteristics are 
linear in the inversion regime of operation.28,29 In response to atmospheric gas composition 
change a lateral shift in the 1/C2-V characteristic is observed5,20,30,31. However, C-V results 
reported in22 showed not only a lateral shift but also a change in slope in the 1/C2-V 
characteristic. This was ascribed to the change in S in Eq., (6. 9), which was later termed the 
effective electrode area. The measured effective electrode area at different operating 
temperatures remains relatively unchanged in the oxygen rich ambient. However, S increases 
logarithmically for increasing H2 concentrations. 
 
Nakagomi theorized that a change in hydrogen concentration gives rise to changes in 
electrical resistance of the oxide layer, leading to a change in the effective area by variation of 
lateral current spreading in the layer22. In addition, the diffused H atoms react chemically 
with adsorbed oxygen ions on the reactive insulator (oxide), which have resulted from spill 
over as described by Vlachos et al.32. These reactions occur at and around the metal/oxide 
interface, as well as at the boundaries of the metal electrode. The reaction rates are increased 
with increasing H2 concentration. Thus with more hydrogen in the atmosphere, the coverage 
on the sensor surface increases, and hence the current density increases around the 
electrode, making the devices more conductive. This is illustrated by the hydrogen responses 
of the MOS type sensors, and by their decrease in barrier height, and is thus correlated to the 
change in S. Additionally, the dielectric properties of the reactive insulator changes subject to 
changes in atmosphere, which may directly translate to changes in the devices capacitance. 
 
Furthermore, the role of interface states must be considered prior, during, and after the 
analyte gas has been introduced. In ambient containing oxygen, molecular oxygen will 
dissociate and chemisorb on the catalytic metal surface, thus covering it with oxygen 
molecules during its exposure to the baseline gas. This results in the build up of an 
electrostatic potential between the metal and the SiC, due to the charge on the metal. 
Additionally the adsorbed oxygen molecules will also spill over to the reactive insulator in the 




form of negatively charged surface ions33. This ionosorption of surface oxygen ions is 
analogous to introducing adsorption induced surface states at the oxide surface34, which 
causes the barrier height of the device to be increased. The metal oxide thin films also change 
their electrical resistance in the presence of oxygen. Hence in oxygen ambient, high-density 
interface states/traps are created. 
 
The surface concentration of oxygen ions is lowered by the introduction of hydrogen, as 
they react to form water, which is then evaporated off the surface by the following reaction16: 
−
2O
−e 2H2 + 2H 2O +  
(6. 10)
 
In such a case, the barrier height is lowered, as seen in chapter 5 (Figure 5.13). Once the 
surface oxygen ions are removed, the Pt chemically adsorbs the hydrogen on to the surface, 
where it dissociates into separate H atoms chemically bound to the platinum surface16. 
Changes in I-V and C-V characteristics may result from hydrogen atoms injected into the 
oxide under the applied electric field reaching the reactive insulator/SiC interface, where they 
are adsorbed and passivate the interface states. This interface state passivation prevents the 
states from charging and pinning the Fermi level, and hence changes the charge of the 
surface states35. The greater the number of interfacial adsorption sites occupied by hydrogen 
atoms, the greater the change in barrier height and hence the greater the voltage shift in the 
I-V curves occurs.  
 
Additionally, reversible chemisorption reactions occur on the surface of the reactive 
insulator layer, which also affects the overall carrier concentration of the device. The 
chemisorbed surface oxygen ions, −O  and −2O , can then react with these hydrogen ions, 
resulting in the formation of H2O. The remaining electrons add to the increased conductivity 
of the reactive insulator in the presence of H2.  
 





Figure 6. 2: Graphical depiction of surface oxygen/hydrogen ions, and interface states/traps in the 
MROSiC device surfaces in (a) O2 and (b) H2 ambient atmospheres (also correlation of the interface 
states with the barrier height can be seen in a schematic band diagram provided in chapter 5 (Figure 
5.13)). 
 
When the H2 stream ceases, the incoming oxygen from the ambient will consume the 
surface hydrogen ions. This sees not only the disappearance of the hydrogen induced dipole 
layer 11,36 at the metal/oxide interface, but also a change in the interface state density19,21. 
Hence, hydrogen is removed from these states in the presence of oxygen, and the states below 
the Fermi level become filled with electrons, and thus the sensor response returns to the 
baseline. A representation of the creation and passivation of interface states in different gas 
ambient atmospheres on the MROSiC devices can be seen in Figure 6. 2. 
 
6.1.3 Catalytic Active Layer 
 
Metal additives can form nano-clusters on metal oxide surface, mainly in the case of 
noble metals such as Pt and Pd.37-40 Both Pt and Pd provide effective catalytic adsorption sites 
for oxygen and reducing gases, and nucleate on the metal oxide surface. The main difference 
between Pt and Pd is that Pd forms a stable compound with oxygen whereas Pt does not form 
a stable compound at temperatures used in gas sensing (300°C).41 As a result, part of the Pt 
remains in the metallic state in air, providing not only catalytic adsorption sites for oxygen 








(a) Ambient atmosphere containing oxygen















(b) Hydrogen gas introduced into the atmosphere 




get ionosorbed by trapping electrons from the metal oxide. This increase in the density of 
ionosorbed oxygen species explains the large resistance observed for Pt-SnO2 films.42 Under 
reducing gas environment, the metallic Pt is known to provide preferential catalytic 
adsorption sites for reducing gases.41 The surface adsorbed reducing gas further dissociates 
into more active species at a faster rate and these spillover onto the metal oxide surface to 
react with ionosorbed oxygen. This explains the observed rise in sensitivity and fall in 
response time in Pt activated SnO2 films.43  
 
Thus the noble metal additives deposited on the surface of metal oxides increase 
surface sites for adsorbates, promoting surface catalysis and inhibit or activate surface 
reactions. The addition of small amounts (<10nm, thickness of film) of noble metals such as 
Pt to the metal oxide not only promotes the gas sensitivity but also the rate of response. The 
promoting mechanisms are not the same for all metals as Yamazoe et al. demonstrated in 
their XPS studies.41  
 
Two sensitization mechanisms: chemical for Pt and electronic for Pd was proposed. 
Electronic sensitization is due to a direct electronic interaction between the metal additive 
and the semiconductor (oxide) surface. Chemical sensitization takes place via a spillover 
effect familiar in catalytic chemistry. The Pt in this case activates a test gas to facilitate its 
catalytic oxidation on the semiconductor surface. Thus the gas-sensing mechanism is 
essentially the same as in the case without the Pt clusters. The catalytic clusters increases the 
gas sensitivity as they increase the rate of the chemical processes leading to a decrease in 
concentration of the negatively charged adsorbed oxygen.41,44 
 
In chapter 5, Figure 5.4 and Figure 5.8 compares the sensitivities of Pt/TiO2/SiC and 
Pt/Pt catalysed TiO2/SiC sensors to different concentrations of hydrogen and propene gases, 
respectively. The Pt catalysed TiO2 sensor shows far superior properties when compared to 
pure TiO2 sensor as shown in Table 6.1. The mechanism that causes these variations is 




expected to be due to the Pt clusters, but the increased response is definitely related to the 
thin catalytic Pt clustered layer. Thus an interaction or exchange of charges takes place 
between the Pt islands and the absorbed species.  
 
The Pt clusters cause dissociation of H2 molecules into atoms and these atoms partially 
split into ions and electrons. Some of the hydrogen ions and the electrons may diffuse into 
the Pt clusters and they may accumulate on the surface of the TiO2 or penetrate a few 
nanometres into the TiO2 layer around the Pt clusters. This inturn causes an integral increase 
in the electronic and ionic conductivity which lead to a strong decrease in the resistance, 
thereby an increase in sensitivity.  A promoting mechanism for Au dispersed on WO3 grains 
was proposed by Yamazoe et al.45 wherein the particles formed an electron-depleted space 
charge region inside WO3. The role of the Au particles was suggested to create proper 
reaction sites for O2 adsorption, thus making the Au-WO3 system more susceptible to NH3. A 
similar scheme will also hold for the Pt catalysed TiO2 system. In addition nanoparticles were 
reported to strongly affect the dipole moment of MISiC devices resulting from their structural 
contribution to the interface dipole and inhomogeneous charge distribution46; thus making 
the Pt clusters an active element in such MROSiC sensors. 
 
 
Table 6.1: Comparison of gas sensing properties of TiO2 and Pt catalysed TiO2 MROSiC sensors 
 
Gases Pt/TiO2/SiC Pt/Pt catalysed TiO2/SiC 
Hydrogen T=530°C 
∆V (1%) = 0.7V 
τ 90%=150s 
T=250°C 





∆V (1%) = 0.74V 
τ 90%=200s 
T=480°C 








6.2 MESFET: n-ZnO/p-SiC, Pt Gate  
 
Figure 6.3 shows the I-V characteristics of a MESFET sensor at 300°C under the 
influence of different hydrogen gas concentrations. An increase in current is evident with 
increasing H2 concentrations. These experimental results indicate a dependence of the 
floating gate potential on the concentration of the H2 gas. These properties are typical of an 
enhancement or normally-off MESFET device. Increasing H2 gas concentration is equivalent 
to increasing the gate bias voltage in a conventional MESFET. A nonlinear I-V curve, which is 
typical of a diode type sensor (Pt/Oxide/Semiconductor), was observed when exposed to 
0%H2, whereas the curves changed to almost ohmic in 0.1%H2. This result indicates the large 
contribution of the Schottky barrier, at the interface between the Pt metal and the oxide 
(ZnO) thin film, in monitoring hydrogen. In this MESFET, the I-V curves were measured 
between the source and drain. Hence the changes in their I-V curves is attributed to a 
potential barrier (barrier height from source to the channel, EB)47 also called as the channel 




Figure 6.3: ID vs VDS characteristics of a nZnO/pSiC Pt gate MESFET at 300°C, with H2 concentration 
as the variable parameter. 





Differential conductance (gc) was calculated at VDS=0.02V and the barrier height (φc) 
was determined by finding the saturation currents from the measured I-V curves shown in 
Figure 6.3.  The conductance is independent of bias voltage for values less than 0.3 V and 
corresponds to channel conductance under low bias conditions. Figure 6.4 shows the channel 
conductance and the channel barrier height as a function of H2 gas concentration at 300ºC. 
The values for gc at 0 and 0.1% H2 in Ar were found to be 0.01 and 0.99 µS, respectively. In 
addition φc was lowered from 1.46 to 1.23 eV, when the concentration of H2 in Ar was changed 
from 0 to 0.1%. Furthermore gc tends to increase non-linearly for increasing H2 




Figure 6.4: Channel conductance (gc) and the channel barrier height (φC) of the channel between the 
source and drain as a function of H2 gas concentration. 
 
Figure 6.5 illustrates the gate structure and energy band diagrams in the pinch-off and 
conducting states of the fabricated enhancement mode MESFET. At 0% H2 the channel is 
nearly pinched off. As the H2 concentration increases, the barrier height of Schottky gate is 
decreased from φΒ1 to φΒ2 due to accumulation of H+ ions at the Pt-nZnO interface. This 




accumulation potential causes an attraction of charge carriers in the n-channel, reducing the 
depletion region and increasing the conductance of the channel. Therefore, the depletion 
region thickness (WD) decreases consequently increasing the width of the conduction channel 
(WC) and the lowering of the channel barrier (φc) between the source and the channel is 
accompanied, leading to an increase in current from the source to drain. This proposed 
relation between (i) the width of the depletion region, (ii) conduction channel, and (iii) the 
channel barrier is aided by referring to Figure 6.4 and Figure 6.5, that have been obtained 
from the experimental ID-VDS characteristics. Van de walle48 illustrated that hydrogen in ZnO 
acts as a shallow donor increasing the doping concentration in the near-surface region, 
whereby the barrier height is lowered and current in I-V measurements is subsequently 




Figure 6.5: Energy band diagrams of a n ZnO/p SiC Pt gate enhancement MESFET in (a) pinch-off 
(Vg=0V or 0%H2) and (b) conducting (Vg>0V or >0%H2) states. WD and WC are the widths of the 
depletion region and conduction channel, respectively. 
 
The threshold concentration of hydrogen gas (CTH) was estimated to be 0.04% from the 
MESFET transfer characteristics at 300°C in Chapter 5 (Figure 5.21). The built in voltage 




associated with the Pt-nZnO contact is sufficient to totally deplete the channel (nZnO).  The 











where oε  is the permittivity of vacuum (8.854 × 10-14 F/cm), rε  is the dielectric constant of 
the semiconductor nZnO (10), Vbi is the built-in voltage in the Schottky contact (Pt-nZnO), V 
is the applied voltage across the junction in the forward bias (V=0V), q is the charge (1.602 x 
10-19 C) and ND is the donor concentration, usually equal to electron carrier concentration 
(~1x 10-16 cm-3).  ND was estimated from the pinch off voltage (Vp) at low bias condition 
(Chapter 5, Equ.,5.4). Vbi was approximated to be ≈1V using the calculated barrier height 
(φB=1.42eV) of Pt-nZnO from I-V curves.  Thus the depletion width at equilibrium was 
calculated to be 330nm, whereas the thickness of the n-ZnO channel is only 200nm. Thus as 
in the case of enhancement mode MESFETS, the channel is completely depleted at 
equilibrium. Hence a forward bias (VG>0) is required to turn-on the enhancement mode 
MESFET.  
 
In Figure 6.6(a) the channel is completely depleted at equilibrium, due to Fermi level 
adjustment between Pt and n-ZnO. Also the thickness of active channel at 200nm is smaller 
than the zero-bias space charge depletion width estimated to be 330nm. This implies that the 
depletion region extends over the entire channel width. The gate voltage is zero (which means 
0% H2) and the device is therefore normally in the OFF state. Figure 6.6(b) illustrates the 
condition when the H2 gas concentration is increased up to the threshold concentration 
(approximately 0.04%). The depletion width is equal to the thickness of the active channel. 
Any further increase in the H2 concentration results in the depletion width becomes smaller 
than the channel width, inducing a flow of electrons from the source to drain. Figure 6.6(c) is 
the condition when the depletion width is less than the thickness of the active channel. When 
the H2 gas concentration is high enough (~>0.1%), the accumulation potential on the floating 
gate (due to the H+ ions) increases. This accumulation potential on the floating gate 
decreases the barrier height between the Pt and nZnO significantly, thereby reducing the 




depletion region and consequently lowering the channel resistance, leading to an increase in 
current.  The channel now behaves as a resistor. 
 
Figure 6.6: Channel space charge region of an enhancement mode MESFET operated at 300°C with H2 
gas as the controlling parameter. Conditions: (a) 0%H2, (b) ≈≤0.04%H2 and (c) >0.04%H2 
 





WaZI )( −= σ  
(6.12)
  










where σ is the conductivity of the semiconductor (nZnO), a is the semiconductor thickness, 
and W is the depletion width. Z and L are the channel width and length, respectively. The 
conductivity of ZnO was measured to be 8.224Scm-1, with Z, L and a being 48 x 10-3, 12 x 10-3 
and 1 x 10-5 cm, respectively. The calculations were performed for a small drain voltage of 
VDS=1V.  
  
Using Equation (6.13) the depletion width obtained as a function of the hydrogen gas 




VGS=0 ≈ 0% H2
VGS=VT ≈ ≤0.04% H2 VGS>VT ≈ ≥0.04% H2 




equivalent to applied VGS in forward bias, the plot represents the variation of the depletion 
width versus the H2 gas concentration at different temperatures. At 100 and 200°C, even for 
increasing H2 gas concentration (0 to 0.1%), the depletion width remains fairly constant, 
indicating higher concentrations are required for turning on the MESFET. However at 
300°C, the saturation characteristics exhibited up to approximately 0.04% H2, gradually 
change to linear characteristics for concentrations beyond 0.05%. The width of the 
conduction channel for 0.1%H2 was found to be approximately 32nm. In addition the 




Figure 6.7: Depletion width of the Schottky contact (Pt-nZnO) as a function of H2 gas concentration at 
100, 200 and 300°C  
 
The schematic of the MESFET channel at equilibrium and the energy band diagram 
along the dotted line X-X' is illustrated in Figure 6.8. The interaction of hydrogen with a Pt–
oxide structure results in charge build-up at the interface depending on the hydrogen 
concentration.17 Thus the increasing hydrogen gas concentration causes a change in the 
floating gate potential. This potential influences the width of the depletion region49 and the 
energy barrier between the source and drain, modulating the conductance of the channel.47   
 
The channel for electron flow from the source to drain is formed in the nZnO layer. The 
bottom of the conduction band in ZnO can become relatively higher (is raised) in the region 




under the gate electrode due to the influence of the depletion layer (or Pt-nZnO barrier 
height, φB).  This depletion region, lower the doping concentration of the channel (under the 
gate region). Thus a potential barrier arises between the n-channel and the depleted region in 
the n-channel. Thus, conducting electrons in the ZnO layer encounter an energy barrier 
between the source and the drain, called the channel barrier (φC) or energy barrier (EB).  
 
As the hydrogen concentration increases, the energy barrier (EB) between the source 
and the channel lowers, leading to an increase in current from the source to drain. The 
decrease in the channel conductance is effectively due to the increase in concentration of the 
conduction band electrons in the nZnO layer. Thus the electrons are donated to the 
conduction band of ZnO during the hydrogen diffusion process. In addition the adsorbed 
hydrogen atoms can act as direct shallow donors to  ZnO48 and the electrons released by 
hydrogen atoms repopulate the donor levels of the reduced ZnO.50 Furthermore a spillover 
hydrogen process leading to contribution of electrons from Pd to SnO2 conduction band was 
experimentally proved.51 
 
Figure 6.8 (b) shows the energy band diagram along the channel for five different H2 
gas concentrations. For H2 concentrations < threshold concentration (0.04%), the energy 
barrier between the source and channel at the nZnO surface, EB, is relatively high. Few 
electrons appear in the channel and its conductance is low. As the H2 concentration increases 
above the threshold, the channel barrier decreases. More electrons are able to enter the 
channel and thus the channel conductance increases. The source and drain along the nZnO 
channel have the same potential. The channel is completely pinched-off at equilibrium 
(VGS=0V or 0% H2). Hence no current flows between the source and drain. The conductance 
of the channel is 0.01µS. When the H2 concentration is increased (effectively applying a 
positive gate bias), the accumulation potential at the floating gate lowers the channel barrier. 
Thus a decrease in the channel barrier from 1.46 to 1.23eV, consequently an increase in the 
conductance (from 0.01 to 0.99 µS) is observed. Hence the channel is enhanced.  




The author’s proposed H2 gas interaction mechanism for the MESFET structure using 
band diagrams is well supported by the experimental measurements and analysis provided in 
chapter 5 (section 5.3.2) and section 6.2. In short when an electric field (due to the 
accumulation of H+ ions on the Pt gate, equivalent to applying a positive potential VGS>0) 
penetrates the Pt-ZnO interface, attracting the electrons in the n-ZnO layer. This essentially 
reduces the depletion width that was present before the introduction of hydrogen gas (i.e, the 
channel is initially completely depleted). Without the H+ ions, the channel is not conductive 
and therefore the device is switched off. Hence the increasing H2 concentration reduces the 
depletion region and hence the channel barrier, and consequently increases the drain 
current. Thus an enhancement mode MESFET based on nZnO/pSiC, Pt gate structure has 
been successfully developed as a hydrogen gas sensor.  
 
 
Figure 6.8: Structure of the fabricated n-ZnO/p-SiC, Pt gate MESFET sensor with no 
external circuitry (a) depletion region at equilibrium (0% H2) and (b) corresponding energy 













The thin Pt catalytic layer in the form of clusters on TiO2 was determined to be 
responsible for the large voltage shift and fast response of the Pt/Pt catalysed TiO2/SiC when 
compared to Pt/TiO2/SiC. The Pt clusters on TiO2 created additional reaction sites for 
hydrogen and hydrocarbon gas interaction, an explanation of which is provided in Section 
6.1.3.   
 
A model for the gas interaction mechanism for the nZnO/pSiC, Pt gate MESFET 
structure was proposed by the author in Section 6.2 aided with energy band diagrams.  The 
results presented in Section 5.3.2 and the analysis provided in section 6.2 confirms the 
validity of this model.  To the best of the author’s knowledge this study is the first of its kind 
on such a gas sensitive MESFET structure. The change in the drain current is attributed to 
the change in the channel barrier between the source and the channel.  In short when an 
electric field (due to the accumulation of H+ ions on the Pt gate, equivalent to applying a 
positive potential VGS>0) penetrates the Pt-ZnO interface, it attracts the mobile carriers 
(electrons) in the n-ZnO layer. This essentially reduces the depletion width that was present 
before the introduction of hydrogen gas. i.e, the channel is initially completely depleted. 
Without the H+ ions, the channel is not conductive and therefore the device is switched off. 
Hence the increasing H2 concentration reduces the depletion region and hence the channel 
barrier, and consequently increases the drain current.  
 
In conclusion, MROSiC Schottky and MESFET transistor based hydrogen and 
hydrocarbon sensors have been fabricated, tested and their gas interaction mechanism has 
been proposed and correlated to experimental results.  
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Chapter 7  
CONCLUSIONS AND FUTURE WORK 
 
This research program commenced with the aim of investigating novel SiC based field 
effect devices with gas sensitive layers for monitoring hydrogen and hydrocarbon gases at 
high temperatures. The devices developed by the author were shown to exhibit at least 1~2 
orders of magnitude (voltage shift, ∆V) higher than those reported in literature. Not only did 
the author seek to investigate the gas sensing potential of such devices, but also he set out to 
study and determine the gas interaction mechanism of these novel structures.  
 
The high temperature gas sensing performance of novel SiC based field effect sensors 
(MROSiC: Schottky and MESFET: transistor based structures) along with an extensive 
analysis of the electrical properties have been presented in this thesis. Based on these results, 
a physical model, determined and presented using energy band diagrams, for the gas 
interaction mechanism was proposed. Hence the outcomes of this research have been highly 
successful, adding to the body of knowledge, as confirmed by the author’s publication list in 
Appendix B. In addition to investigating the gas sensors performance, the interface (Pt/oxide 
and oxide/SiC) properties of these devices were also examined in great detail.   
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This thesis presents the evolution of the author’s research, which can be summarised by 
the following points: 
 
• microstructural characterisation of the gas sensitive oxide layers.  
• surface and interface analysis of the multilayered sensor structure in different 
conditions (as-deposited, annealed and tested).  
• development and fabrication of novel SiC based field effect devices  
(Pt/Reactive Oxide/SiC: MROSiC Schottky and nZnO/pSiC, Pt gate MESFET: 
transistor based structures), incorporating the above gas sensitive thin films.  
• gas sensing performance, electrical properties and hydrogen coverage 
characterisation of the MROSiC and MESFET sensors. 
• determination of a model for the hydrogen gas interaction with the developed 
novel devices aided using energy band diagrams.  
In the following sections, the author will briefly summarise the major findings of this 
research and present his recommendations for future work.  
7.1 Conclusions 
 
The study encompassed results of the gas sensing performance and the electrical 
properties of the SiC based field effect sensors (Schottky: MROSiC and transistor: MESFET) 
that were presented in this thesis.  In addition, a model for the gas interaction mechanism 
was proposed by the author and validated from the experimental data obtained during the 
course of this research program. This investigation has lead to the following conclusions: 
 
• the porosity and the grain geometry of the Pt electrode layer (30nm in thickness) 
were found to significantly affect the gas sensing characteristics largely due to an 
increase in the surface area available for gas interaction. This was confirmed by a 
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maximum coverage ratio of 0.59 and the faster reaction kinetics, ko=4.4%-0.5 
when compared to 50 and 90nm Pt thin film electrodes. 
• the Pt catalytic layer (in the Pt/Pt catalysed TiO2/SiC sensor) was found to be a 
thin discontinuous film (<5~8 nm in thickness) ideally in the form of clusters 
about 8~15 nm in diameter. Clusters of the orders of a few nanometers across 
assure high catalytic activity (more active sites for analyte gas interaction).  
• the distribution of the chemical elements through the complete thickness 
(approximately 100nm) of the gas sensitive oxide layers was found to be quite 
uniform (XPS depth profiling). The binding energy value of oxygen in the gas 
sensitive oxide layer was measured to be 530eV, typical of metal oxide 
compounds. 
• the XPS and RBS depth profiles on SiC field effect devices (Pt/CoOx/SiC,  
Pt/TiWO/SiC and Pt/TiO2/SiC - interface: Pt/Oxide and Oxide/SiC) in different 
conditions (a) as-deposited, (b) annealed in air and (c) tested sample exposed to 
different ambient atmospheres of O2, H2 and C3H6 exhibited a clean and sharp 
interface, indicating the absence of inter-diffusion between layers (vital for the 
gas sensing performance and long term stability of the device). 
• the Pt/Pt catalysed TiO2/SiC (MROSiC structure) was found to have the highest 
sensitivity among several Pt/Reactive Oxide/SiC based devices characterised for 
their hydrogen and hydrocarbon gas sensing performance. To the best of the 
author’s knowledge, Pt/MoO3/SiC, Pt/CoOx/SiC, Pt/TiWO/SiC,  
Pt/Pt catalysed TiO2/SiC and Pt/Pd catalysed TiO2/SiC sensors reported here 
are the first device structures of their kind. Some properties of the author’s 
developed structures are reviewed in Table 7.1. 
• a voltage shift of 2.84V at 250°C for 1%H2 gas was recorded for the  
Pt/Pt catalysed TiO2/SiC sensors. Additionally a 3.12V shift for 1% C3H6 in 
synthetic air at 420°C was observed. Such a large voltage shift in an ambient 
containing synthetic air has not been reported previously.  Propene sensitivity 
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was found to be higher when compared to hydrogen. The author attributes this 
increased sensitivity towards propene to the increased rate of dehydrogenation, 
meaning more H+ atoms are available for diffusion to the interface. 
• the I-V characteristics of Pt/Pt catalysed TiO2/SiC sensors exhibit not only a 
parallel shift but also a lateral one. This indicates the influence of the series 
resistance due to the presence of the reactive oxide. This is consistent with 
electrical analysis reported in literature on MOS and MIS devices.   
• the hydrogen coverage ratio as a function of hydrogen partial pressure for 
different SiC based field effect devices show that these devices follow Langmuir 
type adsorption. 
 
Table 7.1: Summary of the experimental gas sensing results for the developed novel SiC based field 
effect sensors with a gas sensitive layer (these response magnitude are at least 1~2 orders in magnitude 
greater that those reported in literature).  
 
Device structure T (°C) Conc., of analyte gas Voltage shift (∆V) Ref 
Pt/WO3/SiC 520 1%H2 in air 0.1V at 0.1mA 1 
Pt/TiO2/SiC 520 1%C3H6 in air 0.74V at 0.1mA 2 
Pt/MoO3/SiC 310 1% H2 in air 0.3V at 0.5mA 3 
PT/CoOx/SiC 420 1%H2 in air 
1%C3H6 in air 
0.5V at 10µA 




1%H2 in air 
1%C3H6 in air 
1.15V at 10µA 
2.52V at 10µA 
5 
Pt/catalysed TiO2/SiC 250 
420 
1%H2 in air 
1%C3H6 in air 
2.8V at 10µA 
3.2V at 10µA 
6 
Pt/In2O3/SiC  420 1%H2 in air 0.39V at 0.5mA 7 
 
• novel gas sensitive n-ZnO/p-SiC, Pt Gate metal semiconductor field effect 
transistors (MESFET) were developed and fabricated for the first time, to the best 
of the author’s knowledge. Concentrations of hydrogen gas as low as 0.01% were 
measured.  
• for the gas sensitive MESFET, a voltage shift of approximately 8.12 V was observed 
when the ambient was changed from 4% O2 in N2 to 4% H2 in N2.8 
• H2 gas concentration was found to be the MESFET control parameter (equivalent 
to gate voltage, VGS in conventional MESFETS), from the transfer characteristics 
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(√ID-H2 concentration).  Also the threshold H2 gas concentration at 300°C was 
found to be 0.04%, above which the MESFET is turned on.   
• a physical model for the H2 gas interaction with the n-ZnO/p-SiC, Pt gate 
enhancement mode MESFET structure was proposed and determined by the 
author with the aid of energy band diagrams. 
 
The increased response of the Pt/Pt catalysed TiO2/SiC (MROSiC) sensor compared to 
the Pt/TiO2/SiC is related to the thin catalytic Pt cluster layer.  The clustered Pt layer 
provides additional reaction sites for the analyte gas interaction.  The author’s proposed H2 
gas interaction mechanism for the MESFET using band diagrams is well supported by the 
data obtained from several experiments. In short when an electric field (due to the 
accumulation of H+ ions on the Pt gate, equivalent to applying a positive potential VGS>0) 
penetrates the Pt-ZnO interface, it attracts the mobile carriers (electrons) in the n-ZnO layer 
to the gate. This essentially reduces the depletion width that was present before the 
introduction of hydrogen gas, i.e the channel is initially completely depleted. Without the H+ 
ions, the channel is not conductive and therefore the device is switched off. Hence the 
increasing H2 concentration reduces the depletion region and hence the channel barrier, and 
consequently increases the drain current. This study is the first of its kind on such an 
enhancement mode MESFET structure with a gas sensitive oxide layer. 
 
In summary, this PhD research program has resulted in a number of novel and 
significant contributions to the field of MOS sensors for high temperature applications.  From 
the accomplishments of this research, various achievements transpired.  Numerous 
publications, awards, international field work experience and extensive research recognition 
were achieved.  Research papers associated with this PhD program have been published in 
refereed journals and presented at various international conferences.  These include seven 
first author and 7 co-author publications in: Applied Physics Letters, Material Letters, 
Sensors and Actuators B: Chemical, Sensors and Transducers, Surface and Interface Analysis 
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and Rare Metal Materials and Engineering.  The author’s work has also resulted in nine 
publications in international conference proceedings. Additionally, the author was invited to 
conduct joint research experiments at Ishinomaki Senshu University and Saitama University 
in JAPAN.  
 
7.2 Future Work 
 
Throughout the course of this research, several key areas of interest, which have 
tremendous research potential, have been identified. Therefore the author recommends the 
further research:    
 
1. investigation of novel gas sensitive nano-structured layers such as nanotubes, 
nanowires and nanobelts in a bid to further increase the sensitivity to hydrogen and 
hydrocarbon gases. In addition surface modifications of the gas sensitive layers (as 
illustrated by the Authors’ Pt catalysed TiO2 sensors in this thesis), could provide a 
new path in enhancing the response magnitude of these SiC based field effect 
sensors. 
2. application of different device geometries can alter the sensor sensitivity.  One such 
approach could be to decrease the size of the Pt gate electrode.  Also several 
combinations of gate materials can be employed, enabling an increase in the range 
of gases that can be monitored.  
3. optimization of these SiC based field effect structures specifically aimed at long 
term stability was not possible in the time frame of this thesis.  Thus such an 
analysis will assist in establishing the durability and robustness of these sensors in 
high temperature environments. 
4. extention of the authors’ proposed band diagram gas interaction model by 
incorporating the effects due to factors such as device geometry, material properties 
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and biasing conditions. The knowledge gained by such models will aid in 
understanding the sensing mechanism and improving sensor design and 
optimisation. 
The promising results presented in this research have encouraged a new PhD research 
program into SiC based field effect sensors for monitoring applications using  
nano- structured gas sensitive layers.   Nevertheless, the author strongly believes that if these 
sensors were optimised towards hydrogen and hydrocarbons, their performance could lead to 
them being commercialised. 
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Appendix A 
SILICON CARBIDE (SIC) WAFER SPECIFICATIONS  
The nitrogen doped (1.56 x 1018 /cm3) n-type 6H-SiC conducting substrates were purchased 
from Sterling Semiconductor, USA.  
 
Property Value 
Diameter 50.8 ± 0.4 mm  
Thickness 254 µm ± 10% 
Resistivity ≤ 0.1Ω·cm   
Dopant Nitrogen 
Prototype 6H 
Crystal Structure Hexagonal 
Micropipes < 100 micropiles per cm² 
Bow  < 100 nm  
Usable area  ≥ 85%  
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